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= 
troduction of Measured Liquid Samples Into the Mass 
Spectrometer 


By C. Edward Wise, Robert M. Reese, Vernon H. Dibeler, and Fred L. Mohler 


Several methods of introducing measured amounts of liquid samples of neohexane and 


of stvrene into @& mass spectrometer arc compared DV measuring the sensitivity ion current 


Init pressure) on mass peaks 71 and 104 \ precision microburet and pipet made of 


per 
thermometer tubing were used to introduce samples of about 0.0015 milliliter \ repro- 
ductibility of about 2 percent is obtained with the microburet and of 5 to 8 percent with the 
pipet Sensitivities obtained by either method are lower than the sensitivity obtained by a 
lirect pressure measurement using @ micromanometer They are low by 13 pereent for 
eohexane and by 30 percent for stvrene Stvrene is retained on the glass walls and in the 
stopcock grease, and after pumping out 20 minutes some styrene is gradually evolved 


I. Introduction tion of a precision ultra-microburet* availabl 


through the Emil Greiner Co. of New York, N. ¥Y 


7 conventional method of Introducing hews- . 
to the use of introducing measured volumes of 





vas samples into the mass spectrometer ts ; 
: | liquid directly into the reservoir of the mass 


measuring the pressure of the gas in a small 
spectrometer 


of a few milliliters and then expanding 


s one thousand fold into a reservon Kor , , 
ih caiman af tue Senin mien, te tallied II. Experimental Details 
s very Inaceurate because nearly saturated The microburet, figure 1, consists of a capillary 
por does not expand as a perfect gas. The use delivery tube, /, attached to a capillary reservou 
tiplying manometers' to read pressures ( The amount of mercury in the delivery tub 
ccurately belor — ol th Bas does Is controlled hy displacement of mereuryv trom ¢ 
eCmove tha cliff ulty Kor this gay byw the ntialealuas steel rod B The senwetineens of 
ds of introducing Known volumes of liquid the rod is controlled by the screw, /y and is indi 
, -_ large POSte vars hav been Investigated cated by the hhicrometel cial | The dial Is 
_ and in other laboratories Micromanom- vraduated Ih one hundred divisions and ean bye 
have also been developed for Measuring read directly to 0.0001 ml for a buret of 0.1 ml 
Vv the pressure in the large reservoir’ In this sonal sliensione or tn ©2000 wl for 0 beset of 681 
we present comparative Gata on sensitivities ml total volume The liquid sample was intro 
ohexan boiling at approximately i) ( duced by close contact of the tip of the capillary 
nintuss bowling at 146° ©, as examples of with the surface of a Corning ‘“‘fine” fritted glass 
j samples differing considerably in’ physical dick (ave feotncte 2) es chown in Geure } The 
— = — ° ethods of introducing the disk was sealed with a laver of clean mercury 
) are used, and the measured sensitivities For these experiments it was found convenient 
mpared with values obtamed with a micro- to mount the buret on a rack and pinion devices 
eves Ph anaes arch includes the adapta- not shown inh fig ] which permitted controlled 
’ { pressure measu Exp vertical movement as well as rotation of 360 
Co. 1 = i oe ™ about the vertical Careful control of the posi- 
’ \ Ind. Eng. ( Anal. Ed. 17.8 ‘ —eeaneeiimers 
4 K. ¢ \ ( 19 { | N ( 20, . 
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tion of the buret by means of the rack and pinion 
Was necessary because of the possibilitv. of chip 
ping the capillary tip on the porous disk 


The buret is charged with sample in the follow 


ing manner: The mercury is forced into” the 
capillary Ie, by turning the control knob until a 
drop begins to form at the tip. Then with the 


tip below the surface of the sample, a portion ts 
the serew in 


When sufficient liquid has 


drawn into the capillary by rotating 


the reverse direction 


been drawn into the capillary the buret tip is 
removed from the liquid and is carefully wiped 
with a piece of filter paper. The buret is then 
brought into position above the porous disk 
and very cautiously lowered by means of the 


rack and pinion until the tip is below the surface 


of the mercury and makes contact with the porous 
surface of th fritted = disk An appropriate 
quantity of sample, measured by the difference 
between two readings of the micrometer dial, is 
then introduced into the vacuum manifold by 
forcing the mereury forward into the capillary, / 

Figure 2 shows a calibration curve of the volume 
of liquid delivered in milliliters times 100 as a 
funetion of the number of divisions read on the 
dial of the micrometer gauge The calibration 
was dome by we iwhing the THereury delive red from 
the buret 
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When the desired amount of liquid ha 
drawn through the porous disk into the eva 
manifold, the tip and porous disk are imme: 
separated to prevent evaporation of add 
sample into the manifold. The tip, howe 
left below the surface of the mercury in or 
prevent loss by evaporation from the capill I 
contamination of the sample. The samples 
be introduced into the mass spectrometer res 
directly through a porous disk attached to 
reservoir, or condensed with liquid nitroge: 
lengths of off and 


until it was convenient to introduce them into 


3-mm tubing, sealed 
mass spectrometer through an appropriate | 
off device Most of the samples in this wor! 
the latter The s 


manifold, containing the porous disk and 


introduced = in fashion 
sample tubing, was pumped out for 5 min bi 
the introduction of SuUCCeSSIVE samples throug! 
disk. The time allowed for the sample to cor 
in the 3-mm tube was from 5 to 8 min, deper 
on the size of the sample taken 

The 


waxed 


$-mm tubing containing the sampl 
of the 


using uc epted procedure 


Into a break-off stopcock 


spectrometer by 
after evacuation of the stopcor k, the end o 
fT the 


allowed to evaporate directly into the res 


tubing was broken and liquid s 


Four minutes were allowed to establish equilil 


between the adsorbed Vapol and the exp 
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the 2-liter reservoir. An additional 4 min 


lowed after opening the reservoir to the 
65 to 75 


SUCCESSIVEG 


fore scanning over a range of m/e 
hexane and 100 to 108 for strvrene 
lowed for evacuation between 
neohexane was 10 min; for stvrene, 15 to 
recorded in the 
Nass 


Constant magnetic field was used 
The energy 


The spectrogram was 


tional manner with a Consolidated 
mete 
rving ion accelerating voltage 
electrons was nominally 50 electron volts 
The 71 peak 


approximately 


Vos norms o> we aes. 


inet current was 0.675 amp. 
ohexane was in focus at 


while the 104 peak of stvrene Was collected 


roximately OH00-V lon accelerating voltage 
Phillips 


irity as stated by the manufacturer was not 


I} neohexane was “pure” grade. 


“4 


Iss than 99 mole percent 


The stvrene was obtained from the University 


of Akron and had no detectable impurities of 
0 1 mole percent as determined by the mass 
s meter 


III. Experimental Results 
1. Neohexane 


\laximum deflections were obtained with neo- 


hexane when 0.0015 ml was expanded into the 
22-literreservoir. Table 1 liststhe results obtained 
| number of samples measured and introduced 
ii cribed above The first column LIVES the 
number of divisions indicated by micrometer dial 
{ he buret The second column fIVeS ihe ion 
} sitv of the m/e=71 ion as seale divisions of 
! pectrogram. The third column gives the 
F vity or the number of seale divisions per 
} n of sample pressure in the reservoir. The 
t e pressure is calculated from the following 


p=7.6X10 &(47): 


pressure in microns: 
/=ratio of molar volume of the vapor to 

the volume of the reservoir; 

volume of sample in milliliters; 
/—=density of liquid sample; 


\J—molecular weight of compound 


Lig.id Sample Introduction 


PaABLE | S vherar ol ( nd 

\ , 
I 

y 

1 nm 

% 
LT , 
= . 


The fifth column gives the percentage deviation 
from the mean sensitivity 

In several experiments the pressure in the reser- 
voirs was measured with a diaphragm-type micro- 
manometer, to be described in a later publication 
The reproducibility of the pressure readings was 
usually better than +1 percent of the value when 
calibrated with n-butane, using the mass spectro- 
meter as the calibrating instrument 

Table 2 lists the data obtained by pipetting a 
number of samples of neohexane directly into the 


mass spectrometer reservoir and into the 3-mm 


TABLE 2 Sensil fy of neoherane 
I 
" - I) ig 
tic r 
( st s 
pil }? kK 
\ ] T 1 
1) ; s 
1) 444 i a 
) 0. ¢ a8 
M 
Mi 
( . * 
k 
i? a} ; 
1) . % 
1) % * 
M | 
a ( 
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sampling manifold through a porous disk using a 
length of calibrated thermometer tubing. Column 
one gives the number of sealar divisions of the 
thermometer tubing; other columns are similar to 
those of table 1 

Kive minutes of evacuation removed 99.9 
percent of the neohexane from the reservoir as 
indicated by measurement of the 71 peak If 
the reservoir were then isolated from the pumps 
the background of the 71* ion did not increase 


during thirtv minutes 


2. Styrene 


Approximately 0.0015 ml of liquid expanded 


intoad 2-lite! reservoir Was found to be suitable for 


mass spectrometric measurements of the 104 
peak ol styrene Table 3 summarizes the data 
for the 2.2- and 4.2-liter volumes. Column two 
gives the volume of liquid in terms of divisions 
of the micrometer dial of the buret. Column 
three gives the ion intensity of the 104 peak in 
scale divisions Column four gives the sen- 
sitivity as the number of seale divisions pet 
micron of sample pressure in the reservoir. The 
calculations are similar to those for neohexane 
The fifth and sixth columns give the mean sen- 


sitivity, and percentage deviations, respectively 


Table 4 gives the sensitivity data of styrene 


obtained by pipetting the liquid from a calibrated 
thermometer tubing directly into the reservou 


and into the 3-mm gas sampling manifold through 


a porous disk 


Tar I 


A sample of styrene stored in the reservo 


less thar hr, decreased to about 0.1 pereent 


original sample, (in terms of peak height) ir 


of pumping and to 0.05 percent in 20 min 


reservoir were then isolated from the pumy 


background peak of the 1047 ion inereased to 


3 percent of the original peak height in 1 | 


indicated in figure 3. In a similar experin 


sumple of styrene was stored in the reservo 


16 hr, during which time no decrease in pi 


was observed At the end of that time, a 


out curve was obtained that 


Was quite sim 


that shown in figure 3 with an increase of th 


peak after isolation of the 


reservoirs [trot 


pumps) of approximately 3 percent of the o 


peak height in | hr. ‘Thus the amount of st 


desorbed ts nearly independent of the length o! 


it is stored in the reservoirs 
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mmarv of the results obtained is given in 


} 


Column | gives the experimental method 


» 


oducing samples, columns 2 and 3 give the 


sensitivities for neohexane and stvrene 
vely The 


Svivel ih cae hy cuse 


average deviation from the 


h no special precautions, a reproducibility 


) 


vy better than 2 percent has been attained 


roduc Ing pure neohexane or pure stvrene 
zh a porous disk by means of a microburet 
capillary diameter of 0.8 mm 

significant difference in’ results was ob- 

between direct introduction of the sample 

he reservoir of the mass spectrometer or 
nsing and sealing in a separate capsule 
later was opened into the inlet system of 

ass spectrometet This suggests that known 
nts of liquid samples can be prepared and 
for future use if the usual precautions are 

to prevent polymerization or decomposition 
decrease in precision occurs when liquid 

es less than 0.0015 ml are introduced with 
iret or pipet This is not a function of the 


ainty of reading the buret or pipet scale 
since the use of a microburet with a capil- 
ameter of 0.8 mm and about 10 times the 
scale for the same interval as the larger 
resulted in a 3-fold decrease in precision 
rhe reased ratio of surface of the buret walls 
ime of liquid delivered provides greater op- 
nity for variation in the amount of sample 
The elliptical 


ed by the buret or pipet 


d Sample Introduction 


cross-sectional area of the thermometer tubing was 
estimated as slightly less than that of the smaller 
therefore to note that 


buret It is interesting 


the precision of the pipet is considerably lowe1 


than that of the OS mm buret and generally 
lower than the value given above for the 0.3 mm 
buret 

Although errors are probably introduced as the 
result of varving amounts of liquid retained by 
the pipet or buret walls, a more serious source of 
error is the sorption of vapor in the reservoir 
This is suggested by the larger difference between 
the sensitivities of stvrene and neohexane cal- 
culated when the pipet and the micromanometet 
stvrene is strongly ad- 


were used. Apparently 


sorbed in the reservoir, both on the walls and in the 
lubricant, and this causes a lower sensitivity when 
computed from the amount of liquid introduced 
The micromanometer of course measures only the 
vaporized fraction and should give the true sensi- 
tivitv. The large adsorption of stvrene is sub- 
stantiated by the pump-out behavior since, even 
after 20 min of pumping, there is still sorbed 
material equivalent to at least 3 percent of the 


Although 


a similar experiment on neohexane shows a negli- 


original amount of sample introduced 
gible amount remaining in the reservoir after 5 
min of pumping, some sorption probably occurred 
since there is a small but apparently real difference 
between the sensitivities computed from the buret 
and micromanometer reading. The pump-out 
behavior of styrene indicates that in comparing 
sensitivities of successive samples of styrene and 
similar compounds, sufficient pump-out time must 
be allowed between the introduction of successiy 
samples to prevent accumulation of the sample 
in the reservoirs. It is not sufficient simply to 
pump until a low pressure ts indicated 

If it is assumed that the difference between the 
sensitivity for styrene as measured by the micro- 
buret and by the micromanometer comes from 
adsorption on the walls alone, then from table 5 
a fraction of about 0.3 of the liquid sample is 
adsorbed. It happens that this amount of 
stvrene is nearly equal to the amount in a mono- 
molecular laver over the surface of the reservoir, 
This is 
sorbed increases with the pressure as shown in 


table 4 A 


sensitivity 13 percent less than a gas sample. In 


probably fortuitous, as the amount 


liquid neohexane sample gives a 


this case it is not certain whether there is some 
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adsorption or whether there is some loss of liquid 
wetting of the walls of the 


Further 


because of 


pipet 
or buret research is) planned in- the 
effort to determine the nature of the sorption on 
the walls and in the lubricant in this region of the 
inlet system of the mass spectrometer. 

Obviously mixtures of styrene and less strongly 
adsorbed compounds will change composition in 
an unpredictable manner depending on the rela- 
tive amounts and characteristics of the com- 
ponents of the mixture when introduced into the 
reservoir, unless the walls have been exactly pre- 
treated with similar mixtures immediately before 
hand 

Other laboratories have reported use of heated 
inlet systems at temperatures in the neighborhood 


of 150° C This undoubtedly will decrease the 
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effects noted above but will make difficult 

of a micromanometer of the type deseril 
Young and Tavlor or the one used in the | 
research. In addition, problems of increas: 
of polymerization of compounds such as s 


are posed by higher temperatures 


The authors gladly acknowledge indebt 
to valuable discussions on liquid sample int 
tion contributed by different members of 
laboratories at the Chicago and New York 
ings of Consolidated mass spectrometer use 

We also wish to express our thanks to | 
Wall for occasional advice and help 


WasHINGTON, August 8, 1949. 
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Heats of Polymerization. A Summary of Published 
Values and Their Relation to Structure 


By Donald E. Roberts 


rhis paper contains a table showing values of heats of polymerization assembled from 
a survey of the literature There are 42 substituted vinyl compounds arranged as follows: 
vinyl alkyls, vinyl arvls, other vinyls, vinyl acids and esters, dienes and copolymers Values 
reported by different authors are given for each compound, with corresponding states of 
monomers and ploymers and a notation on the methods used in obtaining the values \ 
second table gives structural formulas of monomers 
Some values of heats of 





polymerization to hypothetical polymers having no steric 
hind: 
nds 


ance are calculated from published values of heats of formation of hydrocarbons, mak- 
g certain assumptions regarding branch groups The method of calculation is explained 
Heat of polymerization is arbitrarily assigned to four energy effects 1) the reaction 
+ > > Cc - 2) the effeet of sick groups on yond energies when there is no inter 
action between the groups; (3) the effect of steric hindrance between side groups; ar cl (4) the 
‘end effect” arising from the nearness of the double bond to the end of the monomer molecule 
Values of heats of polymerization are compared, and their relation to structure is ex 
amined, with particular emphasis on the effect of steric hindrance ktvhlene has the highest 
and alpha-methyistvrene the lowest heat of polymerization; isobutene ar d the methacry- 


lates also are low Disubstitution on the same vinvl carbon is a frequent cause of steric 
terterence, with cot sequent reduction il heat ot polymerization Large branched substit- 
lents may cause steric interference Phe substitution of chlorine on tl 


e aromatic ring of 


tyrene has little effect on heat of polymerization Steri terference may prevent poly 
merization above the dimer The heat of copolymerization of butadiene and stvrene lies 
between the values for the separate monomers Heat of copolvmerizatic f other monomer: 
pairs may be higher or lower than the value for the separate components Heat of pols 
merization depends somewhat o e ratio of 1,2- and !,4-add anid e an f 
( i ft the polvmers 


I. Introduction German sources. Since then a large number of 
experimental observations have been made, and 
les of thi heats of polymerization of various many interesting comparisons are now possible 


ils are recorded in many journal articles, This paper has been written to collect the scattered 


re is no recent systematic compilation and 


data and list them in a convenient form for refer- 
irison of these values Flory 1] 


} 


calculated 
wr of values in 1937 before there were many 
mental observations available, and Roth 


Rist-Schumacher [2] published in 1942 a sum- 


ence so that useful values of heats of polymeriza- 


tion can readily be obtained without extensive 


searching. A second purpose is to permit com- 
parison of the data for different compounds, 
of values almost entirely obtained from that systematic trends and 


SO 


anomalies can be 


recognized. The discussion that follows calls 


attention to some of the relations between the 


Heats of Polymerization 
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heats of polymerization and the structures of the 


monomers and polymers. The reader may wish 
to make further comparisons of the types illus- 


trated 


II. Description and Use of Tables 


The table of values of heats of polymerization 


table l Is arranged for convenience according to 
PaBLE 1 Hea 
\/ i] 
VINYI 
Ft 
I 23.1 
] 24° 
) 2.7 ( 
1) 25.9 ( 
I is, Pr A 
I ~ oe i 
Pr 
I 22.8 ( 
I Mu a 
& |} is lt 74.5% I 
1-B 
} 234 ( 
I 4u x 
| , 
k i 2 
i . 4 »2 
i ‘ “4 } st I 
hk kid lI 4 ‘ 10.2* (13 2 ( ( 
I i "4 28 S 
I ‘ 9 . 
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2.¢ I 
r 2-Bu 
Flor 
R 4 
f s B 
Flory 22 
Rol " a4 
Moet 
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Exp 
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( D 
I 
’ I Eq t 
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I Ca netric 
( He or H 
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( Hea fe i ! i 
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k Hea rma 
ur 
i ( Hea r 
( D> 
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( > 
( Il) 
( I> 
( ID 
( I> 
( 1) 
( I) 


substituent groups as follows: vinyl alkyls 
aryls, other vinyls, and vinyl acids and ¢ 
these are followed by dienes and copoly 
Within each class, the compounds are ar 
according to increasing size and molecular w 
of the 


several authors are arranged chronological 


monomer The values reported b 


each compound. 
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e values of heat of polymerization that can 
ind in the literature have not been included 
table for one of three reasons 1) the 
uunds are not closely related to those listed 
tricvano compounds) and involve a 

nt type of reaction; condensation reactions 
e excluded; (2) the values reported appear 
nh serious error, e. @., because of oxidation 
material ) values have been superseded 
er Values by the same authors Karly values 
ed by other authors have been included for 


eteness, although some of these values may 


arded as obsolete Heats of polymerization 


calculated not only from heats of combus 
nd formation, but also from = activation 
s and equilibrium constants. There are 
data in the literature other than those listed 
paper, from which heats of polymerization 
be caleulated if desired, although in some 
the uncertainty of such values will be large 
states of monomer and polymer and the 
ponding values of heats of polymerization 


n table 1 are those reported hy the several 


of Polymerization 


authors, and no corrections have been applied 
The values have been rounded to the nearest 0.1 
keal in some Cases, since uncertamties in general 
may amount to the order of 0.5 keal. Values of 
heat capacities, and of heats of fusion vaporiza- 
tion, and solution are known only for a’ few 
monomers ana polymers so it is not often possible 
to convert values of heats of polymerization to 
correspond to te mperatures and states other than 
those in which the measurements were mad lt 
can sometimes be assumed [3, 4] that the heats 
of fusion, vaporization and solution for the polymer 
are not very different from those for the monomer 
because of the ehemical similarity. with the 
monomer 

In making comparisons of heats of polymeriza 
tion, values for equivalent states should be used 
otherwise the included heats of vaporization 
fusion, and solution may result) in misleading 
values, especially if these heats are unusually large 
as in stvrene {5 For polymers that are non 
crystalline Ol hive a second-ordet transition with 


no heat of fusion, as in polystvrene [6], the solid 


227 





state is equivalent to the liquid state for purposes 
of comparison. Strictly, comparisons of heats of 


polymerization should be made only when the 
monomers and polymers are all referred to the 
same state In converting values of heats of 
polymerization to other states, heats of vaporiza- 
tion, fusion, and solution should be used which 
are for the same temperature as that which applies 
to the heat of polymerization. The possibility 
of dependence of heat of solution upon concentra- 


tion should also be considered 


III. Recalculation of Flory's Values 


The author of this paper has recalculated the 
values given by Flory [1] for heats of ploymeriza- 
tion to hypothetical head-to-tail polymers having 
branch 
The method of 


calculation was essentially the same as Flory's 


no steric hindrance between groups 


attached to the polymer chain 


except that a later expression for heats of forma- 
tion of hydrocarbons \7] was used inh calculating 
heats of formation of polymers, and the heats of 
formation of the monomers were obiained directly 
from [8], or for 1,4-pentadiene from [9], instead of 
ealculating them The estimated corrections for 


branching in the polymer were obtained by 
comparing the heats of formation of the octanes 
also |4] 


available data as being more likely than shorter 


7] (see These were chosen from the 


molecules to give the best approximations 
The recaleulated values are 1 to 5 keal lower 
than those given by Flory, varying between 1S 


and 21 keal mole of monomer; there are also 
greater differences among the recalculated values 
The caleulated values for the diolefins are not 
appreciably lower than those for the monoletins 
Hivpothetical polymers without sterte hindrances 
having double branch structures have lower heats 


of polymerization IN.| to 19.4 keal mole of 


monome! than do those with = single-branch 


structures (20.5 to 20.9 polymers with trans 


have heats of polymerization about | 
The 


lor | .2-polymerization of 1.5 


structure 


keal less than those with evs) structure 


calculated value 


than that for 


butadiene (17.4) is much lower 


1.4 pentadions 207 The hypothetical value for 
polymerization of styrene (19 keal), obtained by 
the caleulations of Kharasch 110] us Was 


falls about 1.5 keal lower 


use of 


done by Flory than 


that for the single-branch structures 
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assumption of certain values for branch 


above relations are due partly 


to polymers having no 


The « 


tions and apply 

interference between side groups 

tions were performed as follows 
The expression for heat of formation px 

of a long normal saturated hydrocarbon, C_H 
n > 5 gas 


7| Is 


AH} 2s 10.408 —4.926n keal mole, 


1.926n as n approaches ©, 
If the chain is sufficiently long, any part of 


heat of 
length of that part. 


have a formation proportional t 
The heat of formation 
structural unit of the hypothetical polyn 
AlTf° (unit 4.926n+ A, 
A, is the correction for the bond effect of bra 
The heat of 


taking the difference in 


then keal/unit 


on the unit. polymerizatiot 


obtained by heats 
formation in the gas state of the polymer 
and the monomer, A//f°(m) [8,9]: All p 

+ A, —AlT#?(m) keal/mole of monomer. Thi 
saturated group at the end of the polymer cl 
is neglected Since the above calculations 
to saturated polymers, a correction must be app 
for diolefins inwhich an unsaturated group ren 
The same values of heats of hvdrogenation 
be used as in Flory’s calculations 29.95 
for HC—CH, and 27.80 keal for aL 


CH These values were obtained as the 


of those given in [11,12] for mono- and 
substituted ethyvlenes and reduced to 208° ( 
the correction 0.25 keal 


In caleulating corrections for branching 


heat of 


formation [7] of n-octane was com) 


with that of 4 methvlheptane for the corr 
Where there is a single branch per polyme: 
$.$-dimethyvlhexane where there are two bra 
on one of the carbons of the polymer init 
}.4-dimethvihexane where there are adj: 
single branches in the polymer unit. The fi 
Ing assumptions were made in applying the b 
corrections for hypothetical polymers 

1. Length of a normal alkyl substituent n 


little difference in bond effect This is supper 


by data of Kistiakowsky and coworkers |12 
heats of hydrogenation 
2. Branches in the octanes mentioned at 


enough removed from the end carbon aton 
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nad effects, so that a suitable value for the 


effect is obtained by comparing these 
he application of branch corrections to the 


etical polymer unit is appropriate when 
orrections were obtained from correspond- 
rranched octanes. This neglects the small 
fect of having substituents on nearby C 
of the polymer chain, which are not present 
octanes. Although certain objections can 
d to the use of these branching corrections, 
lt that they afford a better approximation 
hose available at the time of Flory’s cal- 
ms, and they were obtained from the best 


ivailable at the present time. 


IV. Comparison of Values and Steric 


Effects 


rhe heat of polymerization of vinyl compounds 
arbitrarily assigned to four energy effects, 
are not entirely separable, the second and 
being negative with respect to the first and 


These energy effects are: 1) the reaction 


( ‘ > : :; ° 7 the effect of side 


ss on bond energies when such side groups 
30 spaced that there is no interaction between 
}) the effect of 
roups attached to the polymer chain; (4 
nd effect” 


bond ta thre 


steric hindrance between 


arising from the nearness of the 


end of the monomer molecule 


first and fourth effects are represented by 


vinerization of ethvlen whose polymet has 


Froups and therefore no bond effect nor 


hindranes Irom such Yroups The second 


rises from the facet that the bonds to the 


ints and the chain bonds in the monomer 
ifferent effects on each other from those they 
The value of the third effeet 


be tween the 


the polymer 


obtaimed by the difference cal- 


values of heats of polymerization, which 


effects (1 2), and (4), for the hypo- 


il polymers, and the experimental values, 


nelude all effeets Both caleulated and 
nental values are available in only a few 
sobutene lay be used as an example The 
nee between 19.2 calculated and 12.8 ob- 


s —6.4 keal mole of monomer, attributable 


¢ hindrance between side Lroups 


Heats of Polymerization 


The end effect will be different for each monomer 
The 


value of this effect is given by the deviations from 


and can generally be neglected in polymers 


linearity with number of carbon atoms of the heats 
of formation of the lower members of the homol- 
ogous series and is known at present for only a 
14]: 


few monomers, as follows 


Ethylene 2. 76 keal, 


Propylene 0. 7, 
1-Butene 0. 39, 
1-Heptene 0. 00. 


it is estimated to be of the order of 
This effect 
difference in the values obtained in comparison of 


For the others, 
0.5 keal or less will make a small 
heats of polymerization, depending on the differ- 
ence in the end effects of the monomers to be com- 
The true value of effeet (1 
the 

») 


ethylene from the value 22.35 keal [15] 


above is 19.59 


effect in 


pared 


keal, obtained by deducting end 


Substituent groups of larger sizes may cause 
greater amounts of steric interference, resulting in 


lower experimental heats of polymerization 


Length of the n-alkyl substituents makes litth 


difference, although branched substituents may 


cause steric hindrance [12]. The substitution of 


chlorine on the aromatic ring of stvrene has little 
effect on the heat of polymerization, since the sub- 


stituent is well removed from the polymerizing 


bonds and is not likely to interfere with other 


branch groups. In ethylene whose polymer has 


no ster hindrance between sic LrOuUps thie 


experimental and calculated values of heat of 


ugres within experimental errol 


polvine rization 


the calculated values for ethvlene were derived 


from experime ntal data on hydrocarbons), whereas 


isobuten alpha methvistvren and the methane 


rvlates have values of heat of polymerization 
about two-thirds of what would be expected i 
there wert ho ster hindrance between sick 
YroOups Ethvlene has the highest ana alpha 


lowest heat of polvimeriz: Lio! 


methvistvrene the 
among the compounds listed 
A frequent cause of steric interference betwee 
side groups is the presence of two substituents o1 
especially il one o1 


the same vinvl carbon atom 


more of thre substituents isa methyl fyroup 
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can be seen by comparing the experimental values 
of heat of polymerization for styrene (16.7 keal 
and alpha-methylstvrene (8.8 to 10.1 keal). If 


the latter values are increased by an allowance of 


2.2 keal for the bond effect of the methyl group, 
(The 


value 2.2 keal is obtained by taking the difference 


they become 11.0 to 12.3 keal, respectively. 


between the calculated values for 1-butene and 
Effect 
A substituent phenyl 


2-methyl-1—butene in table 1 t) above 
cancels in this comparison 
group may be able to rotate so that its plane is 
perpendicular to the direction of the polymer chain 
thus making the steric interference less than might 
be expected [3]. Another example of the effect of 
disubstitution can be seen by comparing methyl 
acrvlate (18.7 keal) and 
(13.0+2.2= 15.2 keal 


Steric hindrance becomes so great In some mole- 


methvl methacrylate 


cules that) polymerization becomes impossible, 
although in some cases a dimer may be formed 
3, 16). There is generally no steric interference 
between side groups in dimers, but it becomes 
noticeable in the trimers and higher polymers in 
those polymers that show that property [4]. For 
actual poly mers, in the absence of steric hindrance 
between side groups, heat of polymerization pet 
mole of monomer should increase as the polymet 
chain becomes longer, because of the factor 


| ln 
there is one less bond reacting than there are 


Which takes account of the fact that 
monomer units, as shown in Jessup’s caleula- 
tions for ethylene [15] The expression for heat 
of polymerization of ethylene [13, 14, 15] may be 
written A//p 19.59 (1 la 6 
the end effect in ethvlene, 2.76 keal If sterie 


where 6 is 


hindrance occurs in the polymer, its effeet should 
Increase rapidly at first as more units are added 
to the chain, and after the first three units the 
heat of polymerization per monomer unit should 
slowly or decrease, and the 


either increase more 


ster per unit added should approach il 
The data 


17) show some of these 


energy 
constant value as the chain lengthens 
for alpha-methyvlstvrene 
effects 


of monomet 


here the heat of polymerization per mole 
decreases as the molecular weight 
Ihereases 

Kthvlene oxide appears to be a somewhat differ- 
ent monomer from the others listed. The reaction, 
which differs from vinyl polymerization in being a 
stepwise addition process rather than a free radical 


mechanism |I8, 19, 20] involves the net difference 
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of the breaking of one C—O bond and the fi 


of another C—O bond in the chain: 


H H, H H, 


0 0 
This simple C—O bond rearrangement in its 


I 


not account for the heat of polymerization. | 


chain is terminated by —OH groups: HO -Hi® 
(H.C—O—CH.,),CH.,—OH, but if the a : 
molecular weight is large, the contribution to ypre 
heat of polymerization from the addition of | \ 
OH would then be very small. The explanat 

for the heat of polymerization is to be fou $-] 
the following consideration The three-men 

ring of ethylene oxide has been regarded 

strained structure [21] but Walsh [22, 23] (see ali. 4 
124, 25, 26, 27] ) believes it advantageous to t ysta 
late much of the old idea of strain in ethyl vlo 
evelopropane, ethylene oxide, and other sin 
molecules into terms of hybridization. Hi isl 


suggested that eth lene oxide contains overlap] 
orbitals and carbon atoms that are more 
than tetrahedral. Wher 


molecule is converted to a straight-chain poly: 


trigonal (ethylenic 


structure containing ordinary tetrahedral C ato 
energy will be evolved, as with ethylene. 

The effect of the esterification of the ac gh. 
acids is confusing. In the case of acrylic 


esterification increases the heat of poly merizat 


whereas the Opposite effect occurs with rT 
aervlic acid 

The heat of copolymerization of the butadi Bp 
styrene mixture lies between the values fo Jes 
separate) monomers. Copolymers having It 
ferent monomer ratios from those given w 
course have different heats of polymerizat 
The heats of copolymerization of vinyl ac 
with maleic anhydride, diethyl maleate 
diethyl fumarate are lower than the heat of 
merization of vinyl acetate alone. In some cas 
however, the effeet of sterie hindrance bet 
side groups in copolymers may be diminish: 
1:1 alternation of the units. Tong and ki 
28] have observed that with methyl aervlat 
methyl methacrylate the heat of copolymeri 
is higher than the sum of the heats of polym 
tion of the components alone. These author 
point out that with the diethyl fumarat 
maleate copolymers with vinyl acetate, thi I 
ference in their heats of copolymerization 

Heat 
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vlonitrile also 








lf of the heat of isomerization of maleic to 
esters, suggesting that different stereo- 
are produced A discussion of heat of 
nerization appears in reference [30] 
mers having different structure, although 
from the same monomer (see butadiene 
av have different heats of polymerization 
wolymer or copolymer containing a diene, 
the possibility that there will be present 
ire of 1,2- and 1,4-addition (or 3,4- In 
@), and the value of heat of polymerization 
ry according to the ratio [32, 33, 34, 35] 
2-nddition may lead to cross-linking The 
ymers may be partly e¢s and partly trans 
a 
viene [36, 37, 38] and vinylidene chloride 
both form polymers that are rather highly 
illine. The polymers of ethylene oxide and 
are probably crystalline The 
nt heat of polymerization to solid polymet 
then include a small quantity representing 
it of crystallization, depending on the per- 
ol crystallinity If we use the value for 
f fusion of polyvinylidene chloride (0.3 keal 
by Reinhardt [39], then the heat of poly- 
tion in the liquid states would be reduced 


$4 [41] to 14.1 keal/mole of monomer at 


author expresses his appreciation for help- 
mments offered by Raymond IK Bover 1) 
ll, L. K. J. Tong and W. O. Kenyon, Ralph 
ip, Edward J. Prosen, and Leo A. Wall 

is been brought to our attention that ther 
ported value for the heat of polymerization 
vl chlorid An estimate of the value can 
de by considering its structure and com- 
table Not 


available for an accurate pre 


with other values in- the 
i data are 
but at least a rough idea can be obtained 
ng that the end effects are negligible in all 
and that the heats of vaporization are the 
for the monomers as for then 


( hloricd 


polymers 


should bye between ethylene 10.6 


rhe no ena effect Cus-Lus 


and vinvliden 


at 25 about 14.0 keal mole, liquid 

and somewhere near propylene since thi 
nd steric effects of Clare similar to those for 
To obtain an estimate from the data of 
na and Kidder for propylene, their value may 


of Polymerization 


be adapted by subtracting 0.7 keal for heat of 


fusion of the polypropylene (same as for the 


monomer), and adding a few tenths of a kilo- 
calorie for raising the temperature from —-75° to 
> <> 


mole for liquid-liquid at 25° C 


The value then becomes about 16 keal 
The second esti- 
mate, obtained from ethylene and vinylidene 
chloride, should be somewhat above the midpoint 
of the difference between 19.6 and 14.0, since sub- 
stitution of a second chlorine causes a greater 
than that of the first. The final 


estimate for vinyl chloride might then be placed 


steric effect 


at about 17 keal mole (liquid-liquid or gas-gas, 
$5" © 
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“ ' #Stress Corrosion of Wrought Magnesium Base Alloys 
By Hugh L. Logan and Harold Hessing 
S Che rates of corrosion of many metals and alloys are increased by the presence of tensile 
2) stresses the materials In order to determine the effect of tensile stress on the behavior 
of magnesium alloys exposed to corrosive media, stress-corrosion tests were made on several 
' magnesium base alloys at two weather exposure sites, and in the laboratory by continuous 
he 
immersion in a NaCl+ WKeCrQO, solution and by intermittent immersion in a dilute NaCl 
: solution 
Che periods of time to failure of specimens exposed under tensile stress in the atmosphere 
J at the National Bureau of Standards were less than those for the same materials exposed 
\ 1 &@ marine atmosphere at Hampton Roads, 
The M1 clad AZ31X-h sheet alloy proved more resistant to stress corrosion than bare 
" 
AZ31X-h, AZ51X, or AZ61LX sheet allovs and AZSOX extruded allovs 
} Predictions of relative susceptibility of materials to stress corrosion from intermittent 
immersion laboratory tests in a 0.01-perecent NaCl solution were in good agreement with 
the results obtained from weather exposure tests at this Bureau 
225, I. Introduction Mi, AZ31, AZ61, and AZS80 alloys had been used 
' . in this country in structural applications prior to 
v in World War IL a number of welded "die PI | 
24. aap aa the war. An AZ31 alloy clad with thin lavers of 
“4, ne booms, constructed of AZ61X magnesium : sh, 
the M1 allov; an alloy designated as AZ51 and a 
sheet and extrusions were subjected to static . brocrcat 
zine, zirconium alloy, designated by Dow as ZK60, 
until buckling occurred and were then , ‘ : : 
' all developed by the Dow Chemical Co. during 
n the open exposed to the weather. Sub- : Pm 
the war, were also included in the study The 
eXamination revealed stress corrosion mn . 
led materials were supplied by the American Mag- 
eKled areas . . . ' ah 
4 . , nesium Corp. and the Dow Chemical Co. The 
much as the Bureau of Aeronautics, Navy ek 
: ASTM and manufacturers’ designations, and the 
tment, was interested in the possibilities of : 
nominal chemical compositions are given in table L. 
of magnesium alloys in aircraft structures, 
financial support to the National Bureau Materials received from the Dow Chemical Co 
. ndards to study the resistance of various generally had an oiled finish After the sheet ol 
rcial wrought alloys to stress corrosion. The extruded material had been machined into speci 
ration was carried out with the specific mens the thickness was reduced approximatels 
f fe o " sts » Q1ece 
7 oo the relative su peers 0.002 in by Immersion in an aqueous solution 
Ous alloys t Stress corrosion, an whether 
_ = np on containing 30 ml of concentrated HNO, and 10 
lation could be established between the ‘ 
. ml ot com entrated lH] sf P per liter 
ol various laboratory tests and those of 
exposure tests Materials received from the American Magne- 
: : sium Corp. had a chrome-pickled finish. They 
Il. Materials and Methods of Test 
were machined into tensile specimens, and the 
1. Materials chrome-pickle film was then removed by immersion 
‘ven wrought magnesium alloys were studied in an aqueous solution containing 22.5 g of Na,CQs, 
Investigation Four of these materials, the and 15 ¢ of NaQH per liter 
earch/™>tess Corrosion of Magnesium Alloys 233 








Pare | iSTM and manufacturers’ desiqnations. and affected. were ground parallel ee 


Se ee ee ee See eee oe the specimens, prior to testing, using numl 
~ Aloxite belts on a rubber backed wheel. 1 

is chemical and grinding treatments were u 

tien Mg oremalades obtain uniform surface conditions on spe 

oe Amer —, oe before exposure 

( : wall Sasosall faaneads teen In general, the alloys supplied in sheet form y 

tested in each of two tempers, annealed 

- — 7 and hardened by rolling (—h), and also 

AZ31X AM-C52s FS 0 10.0 thicknesses 0.064 and 0.125 in. The extru 

— ; Spgs Bg ad ord ee material (except the ZK-60 alloy) was su 

AZN0X AM-CSAS) OO s » in two rectangular cross sections. The 

MiClad AZ31X tina . treatable extruded alloy AZSOX was su 

AZ1X Cor o| 1.001 0 both in the as-extruded and in the extruded 

- tte treated and aged (HTA) conditions. The 

I a TE Pe TM properties of the sheet materials as receiv: 

were received for test. Analyses furnished by the manufacturers did not given in tables 2, 3, and 4 The sheet ma 

° : sonra te pene nae eRe eee was rolled by the usual manufacturing p: 
Bureaug except that two lots of material (see table 4) 
After the treatment to remove the chrome- rolled by a special process developed by M 
pickle film or the outer layers of material, all of Hunter of Rensselaer Polytechnic Institute. 1 
the specimens except the clad AZ31X-h material, cross-sectional dimensions and tensile propert 

whose thin cladding would have been seriously of the extruded materials are given in table 3 

Pane 2 Tensile properties of the AZ61N and M1 maqnesium base sheet alloys and threshold stresse as determine 


NaC! hkoCrO, solution) of the AZA1N 


; rh } 
\ Spe 
\ Ses . 
hickr 
I 
. i 
tre . Ave 
/ 

AZHIX a Dow wi4 , . on ~ 
D> i 4 | nis : . 
1) 4 NI ( es ; , 
1) 4 1 " , en 
AZHIX Dow ain ‘ | 
I) \ M ( 2 I 2 1M » one ; - 

; 7 ' at, SUM 40, OOM 
\Z X-1 dow wid I . ad 
D wid l si “> 4M : < 
> \ M ( > on . . 10 
D> wid ! 1 Tl ” “ rape 
De se I . i q q 
; . A 47, 4M 
on Am. Mg. ¢ a ia 
| se ie uu 

NI low wid I . ’ — 

wi4 | 3 me . : 

\ \l ( OO4 I ; 

‘ : . at ial} 1 Tt i? 
Dow indicates Dow Chet sl ( Am. Mg. Corp. indicate American Magnesium ¢ 
te : t nal and ul 
. leterminations 
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, Ter e properties and threshold stresse as determined in the NaCl KeoCrO, solution of AZ31N magqnesiun 





Dow ) O04 I 22. iM AM 2, OOK “") 
j O4 22, Hn aK a 21, OK 2 
4 M ( I 4 l 20, OOH 6. 1 ; mM 
j (4 19, 30K 6, 2K 2 1s, OOM ‘ 
1d0OW 12 l 21, MM ‘ in) 22 14, MN “ 
1 12 22, OK 7. 2K ” 20, OOM tah 
4 Meg. ¢ | 12 A), 20K “ye 21 19, (4K 4 
i 12 5M mK ” 1s, (OM 2 
Dow Oo4 I TT 42, SK | TD xu 
1 04 | 2, MK 12,700 ~~ mM ") 
\ M Cory Oo4 I 5, MK $1, 800 20, MN) 4 
1 (wd nM $ “ lt Qs, MM “4 
OW 12 I 1. 5K 41, 4K 12 4, OK 2 
i 12 2 4M 3. 400 , 20, AM ’ 
7 A Meg. Cort 12 6, 2K 42, HK s 20 MM * 
. i 12 T 15. 000) 1 on MM “t 
‘ : i ‘ t nate har ved by rollir 
j i ngitudina ‘ 1 trar erst 1» 
he a ! re deterr at 
’ { Ter e properties and threshold stresses (as determined in the Nat KoCrO, solution) of tl IZ51N-h and the 
1\-h magne im base sheet allous O.064 in. thick, rolled by two proce ex and ipplied by the Do Chemical Co 
I Tr } 
. | 
’ , Avera Percent 
ROLLED BY THE STANDARD DOW PROCESS 
j Pe 
A X-} I 1, SK 47. KM 4 KK s 
\ X I 40), (aM TL 7 OK ’ 
\ X I 2 0K 4 . 20, (KK ss 
A X-t | +, NOK 44, TOK 2 20, (KK s 


A X I 4, uM 14), OOK T ” 
AZ5I1X | +, 2M 14, 3K 2 6, 0M i 
\ X-! I 2 ” $2. “uM oy UM . 
AZS1X-1 | 4 AM 44. (KM ' iM 2 
m I id ia ransverse Sj 
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TABLE 5 T% ert } hold st ws determine Nal K.CrO, solution) of the ores 
( Dow ZK-60), the AZ61N, and tl iZsoX ye / ea yeat ” 
N 
\ 
{ I 
ki W A. ' , 
t} 
rESTED AS EXTRUDED 
| i 
K how mM On TT 
\ IX Dow on. SK 3, G00 2 23, MK 
i) Am. Me. ¢ 1 aM 12,000) “Mn 
! Dow *), OAM 4. NK in) 
\ Mae. ¢ DL 13, 0M “) 
AZS0NX Dow 28. HK 17. 2M ” “ 
1) \ M ( > on 16, SK T 
l) Dow 1K is WK ' " 
i) \ NI ( 4, uM 1s, uM wn 
EXTRUDED, HEAT TREATED, AND AGED 
AZSOXN-HTA Dow +m 10. (4K T 
1) \ NI ( mL 10, AM TI 
1) Dow ~ aM "LI 
\ NI ( o PLL ~ 


= |} 
2. Preparation of Specimens 
Tests were made with ‘-in. reduced-section 
standard ASTM tension specimens for sheet 


metals, except that the grip ends were | or 1'y in 


wide, when possible, instead of the standard *, in., 


to minimize the failure of specimens as the result 


of stress corrosion around the bolt holes speci 
mens of the sheet material machined with then 
long axes in and at right angles to the direction of 


rolling of the sheet, are designated hereafter 


iis 


longitudinal (4) and transverse (T) specimens 


respectively 
3. Methods of Test 
stressed 


Exposure made 


the 


tests were 


ol 


on specl- 


mens on rool the Northwest Building at 


this Bureau and in a marine atmosphere at Hamp- 
Va. The 


Hampton Roads have been described in an earlies 


ton Roads racks at 


Stress-corrosion 
paper Those at this Bureau are shown in figure 
1, and the method of supporting the specimens, 
The 


ends of the specimens were gripped between two 


using flexure plates, is shown in figure 2 


pieces of 615-16 aluminum alloy bar by means 
-in. bolts of 178-T4 aluminum alloy 
A stress-corrosion crack that developed 


reduced section of one of the specimens expos 


the weather is shown in figure 3 Loose® ha 
gested that a specimen should be considet sires 
have failed when a= stress-corrosion crac! y 
appears. It was not possible with the pers 


available to make the necessary inspections 
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weather exposure site, to determine when 
Accord- 


the period to failure for the various speci- 


ss-corrosion cracks first appeared. 
was determined as the interval between 
on and actual failure as recorded with electric 
id counters that have been deseribed in an 
paper (see footnote 2 

the time this investigation was begun other 

rs in the field were advocating the testing 
sheet magnesium alloys in the laboratory by 
in a sodium 
“Thres- 


defined as the maximum stresses 


continuous immersion, under stress, 


hloride-potassium chromate solution 


hold” stresses, 
hat materials can withstand without failure for 
| period of time when immersed in the corrod- 
edium, were determined as a measure of the 

nee of the alloys to stress corrosion 
specimens tested in corroding solutions at 
Bureau were immersed in glass cells) and 
d by means of lever systems. The appara- 
din an earlier investigation (see footnote 2 
iodified for these tests by the insertion, in 
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the supports, of flexure plates (made of stainless 
steel sheet 1 inch wide by 0.020 inch thick), which 
are modifications of those used by Loose and 
Barbian (see footnote 3). The corrosive medium, 
a solution containing 3.5-percent NaCl and 2.0- 
percent KoCrO, was suggested by R. H. Brown 
and G. F. 


Preliminary work in this laboratory and results 


Sager.’ 


obtained by other workers indicated that different 
values for the threshold stress were obtained de- 
pending on whether the specimens were loaded in 
tension before or after the solution was added 
Work hardening of the specimens following loading 
and prior to adding the solution gave threshold 
stresses considerably higher than those obtained 
if the solution was added prior to the application 
of the major part of the load. Therefore all sue- 
ceeding tests were made by loading the specimens 
after the solution was added to the cells 

replace 


NaCl 


In order to supplement and_ possibly 
the continuous immersion test in the 











KC r¢ ), solution, 


intermittent immersion tests 
were made in various corrosive media at a constant 


7 toe ©; 
cells as shown in figure 4, and the 


temperature of 95 Specimens were 


mounted i 


corroding solution was raised into the cells by 
Hews of compressed air, wetting the specimens 
four times per hour. They were immersed for 
approximately | min and were permitted to dry 


for 14 min in each evele Intermittent immersion 


tests in a 3.5-percent sodium chloride solution 
produced such severe pitting of the specimens 
that stress-corrosion effects were obscured Inter- 
mittent immersion ina 0.01-percent NaCl solution 
or ina 0.01 normal NaHCO, solution produced 
stress corrosion in) magnesium alloys without 
producing general or pitting corrosion. Exposure 
periods to failure for a given alloy were approxi- 
mately the same in either of these dilute solutions 
NaCl solution was 


used for the balance of the intermittent immersion 


However, the 0.01 -percent 
tests 
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III. Results and discussion of 
Stress-Corrosion Tests 


1. Weather Exposure Tasts 3 
\> 
The results of weather exposure tests ° 
various magnesium alloys are shown grap 
in figures 5 to 9, inclusive, and are given 
AZ31X-h material in table 6. The plotted 
in figure 5 generally represent the avera 
three or more specimens exposed ata given 
The results for individual M1-Clad = spe . 
exposed in the marine atmosphere), howe, 
shown as separate points in the figure. A 
specimens exposed at a given stress, and du 
specimens stressed differently were not nec 
exposed concurrently 
The data indicate that the Ml-clad AZ31X 
material Was more resistant to stress corros 
high stresses than any of the other ma 
studied. Specimens of this material may |x 
peeted to have a life in a marine atmospher 
least 500 days at a stress of 30,000 Ib in | 4 
bare (unclad) material, exposed ino an 
TABLE 6 Results of stress-corrosion tests on the 
Magnes m hase alloy, O.O84 , t} KK. expose 
weather at the NBS, Washington, D.C. and at Hl 
Roads, Va 
a 
S p t NBs 
\ 1. ¢ H I 
Ave , 
t Nt I N 
\ R \ r 
p D / 
0“ . 
28,000 / 
9 "0 j { 
nD s i ’ 11.9 
24.cnn 2 2n.8 ; l \ 
zt ’ 4) j 
23M s S ‘ " 
> TT 14 2 l oN 
2 ’ 1 ‘ » ’ u 
aL Is4 144 ont 
my ; ‘4 - 
ome lou | ae | ae 
5) x0 i 14 
un rl 1 4s 
! ’ pas 
Potal i i 1 
Fested ultan with 0.12 thick 1 
Tested ultaneously | 
I ! ultaneously with AZ51X and AZ6iX " i 
I ! ’ i witha led materia 
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of exposed at the National Bureau of Standards 














stress in a marine atmosphere at Hampton 


100 r + 


site) were relatively more resistant to stress 
- ; 
nme . corrosion at moderate stresses than other bare 
>. ver 
* ° materials studied. The M1 alloy specimens 
> . 
Ss ° ° , stressed at 16,000 Ib/in’ at the National Bureat 
. ie 
ay > of Standards site had not failed in S857 days 
n ° Specimens of the AZ31X-h alloy placed under 
‘ 
“«] test on the same date at the same stress failed 
Tr: : after an average exposure period of 131) days 
on range 26 to 248 days Two ZK 60 specimens 
De . — - — exposed undet stresses ol 20 O00 Ib Ith failed after 
( XPOSUR : , 555 and 596 days exposure. Three specimens 
\ ) Sire er po e pe od lola C4 ‘ or mad 
™ it ie stnadel be (is einai 300 
a AZ31X I Bw \! AZSIX | 
ZK 
| @ \ xX H 
Z31) BS 
os | 
na osphere, fractured under stresses of 20,000 250 + ; ee + 
. van 7 
y | nan average period of 214 days Phe clad 
r men thickness was O.0OSO) in compared to | | 
) i4 in. for the bare alloy This difference in | 
2) | 
! ness of the two materials would not be ex- > | 
' a 
to produce more than a small difference in 2 200 + 
pected life of specimens of the same ma- w t 
The results, therefore, showed that the 3 
j . an | 
: material was definitely more resistant to = 
a 
corrosion than the bare material 
. “ o 
lata shown in figure 5 and given in table 6 : iso L 4 
te that the exposure period to failure was ° 
! 4 | 
ily shorter for specimens exposed under a ~ aie | 
’ stress at the National Bureau of Standards a 
} 
in for the same material exposed under the 4 i 
— 
o 
°o 
a 
“ 
WwW 




















Va As a further check, 18 specimens 
machined from the same sheet of the AZ 
Yh alloy and were exposed to the weather on 
me date and at the same stress, 20,000 Ib/in/, ° h _ 
oup at this Bureau, the other at Hampton 
The average period to failure for speci- So TF T aT ] 
xposed at the National Bureau of Standards | = > 
52 davs and at Hampton Roads, 214 days; ‘ h + 
were 61 to 263 days and 76 to 328 days h a 
tively. No analysis of the atmosphere in 
‘inity of the racks at this Bureau was made 0 T | 
he smoke stack on an adjacent building, | 2 3 
in figure 1, in all probability increased the FiGuRE 6. Resistance to stress corrosion of hardened (| 
veness of the atmosphere in the neighbor nd annealed (a) AZ31X sheet materials exposed to th 
veath it the Nation B wis lard } 


of the stress-corrosion racks 


differer f 
results shown in figure 5 also indicate that 
[1 sheet and the ZK—60 extruded materials were eit 
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350 shown In figures 6 to 9, inclusive, were n 















































specimens inserted in the racks on the san 
t under the same stresses. 
' 
Results obtained on the AZ31X alloy 
300 i. 4 annealed and rolled conditions (see fig. 6) ini 20 
1 that for stresses of 18,000 and 20,000 Ib 
hardened material was more resistant to 
corrosion than the annealed material 1) 
‘6 obtained at 16,000 Ib/in’ are not so cor 
4 250 — "| because of the small differs nee between the ; ’ 5C 
= t 
ra) values and the large scatter in the observed 
- The effect of specimen thickness on the 
> ance of the AZ31X-h material to stress corr 
az 200 a + a shown in figure 7 The average period to 
aw for | » (0 195- hick aterial ; Ores 
° or the 0.125-1n. thick material was greats 
= that for the 0.064-in. thick material. Ho 
=) 4 
° the seatter was such that it is not possibl 7 
x . 4 
‘a that any particular 0.064-in. specimen wou c 
: » 
a SOF { — _ - 
rg : sla 
3 
o 
°o 
=! 8 
pal | 5 | | 
” 
> 
a 
= 4 
50 F alba a 
~ 5OF m' , 
po 
2 
aq 
uw 
°o 
A 8 
0 oO 
°o 
! = 
2 x 
Figure 7 Effect o ) n thick om the cantal , ul eo L 
he AZ31X-1 i to slvese corvesion \ 
Ww 
tress 00 om 1 © \ 
\ 4 i ' . a 25 t- = 
© v 
a 
~} 7. 
exposed at the same stress had not failed in 600 WW Cc 8B 
days 28 
It was noted that, although an occasional B 
specimen failed during a period of dry weather, A 
most failures occurred during the drying period A 
after the specimens had been wet by rain. This 
fact is believed to account, at least in part, for the @) 
wide variations in exposure periods required for , 2 
failure, for specimens subjected to the same Figure 8 Effect of aluminum content on the 
stress, seen in table 6 and shown graphically in sion behavior of three magnesium alloys 
figures 6 to 9 inclusive. Because of the increased a761X conteined ¢ Al: AZSIX. 5.00% Al: AZ3IX. 3.0% A 
number of failures occuring after rain had fallen. mittent immersion in 0 NaCl solution; A, AZ61X-h, B, A 
AZ31X-1 2, Weather exposure NBS \ AZHIX-1 B A? 
direct comparisons of weather exposure results, AZ31X-h. Stre 90.000 Ib/in.®: +. average valuc ras 
Stre 
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ler pel od of time than a given 0.125-1n 
pecimen 


Mi i-h and 


esults lise ussed above for thr 


\-h material and the results of tests on the 


X-h, AZ51X-h, and AZ61X-h allovs, shown 
iu in figure S indicate that at moderate 
the resistance of the wrought magnesium 
stress-corrosion decreased with increased 


content up lo about 0.5 pereent ol 


oh it Was badly discolored, the ZK-60 


d alloy. as indicated above, was the most 


to stress corrosion of any of the extruded 
The average periods to failure 
the AZSOXN alloy exposed ns 
land after heat treatment and aging, and 


AZGIXN ext 


aMLlOY all exposed in the weather at this 


ded alloy ft to 6 specimens 


nder stress of 20.000 Ib/in2 are shown 
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graphically in figure 9. It can be seen that the 


average period to failure of the heat-treated and 
aged AZS0X 


maximum value for the material as extruded. 


meterial was greater than the 
Because of the seatter obtained with both mate- 
rials, it was difficult to say whether the AZ61X 
was more susceptible to stress-corrosion than the 
AZSOX-HTA alloy. 

Ultimate tensile strengths of the bare AZ31X-h, 
the ZK-60, and the AZSOX alloys, 


after specimens had been exposed unstressed in 


determined 


the weather at this Bureau for periods of 750 to 
SOO days, were at least 94 percent of those of the 
Iheas- 


unexposed material. Changes in ductility 


ured in percentage clongation in 2 in.) varied with 
the different alloys; values for the exposed ZK 60 
and AZSIX-h materials were 85 percent or mor 
No elonga 


tion data were obtained on the AZSOX material 


of those of the une xposed materials 


The decrease in the ultimate tensile strength of 
Mi-clad AZ31X-h material exposed unstressed for 
periods up to 960 days in a marine atmosphere 
was small; the tensile strength was 95 percent o1 


more of that of the original material. Elongations 


howe ver, were redue ed lo M5 to a0 per ent of thos 


of the unexposed material 


The maximum exposure periods for the AZ61X-h 
and AZ51X-h materials, 


this Bureau, were 50 days and 22 days, 


exposed unstressed at 
respec 
tively. Ultimate tensile strengths were 94 percent 
or more of those of the unexposed materials: elon- 
gations of the AZ6LX-h and AZ51X-h materials 


were 70 percent or more and 85 percent or more, 
respectively, of those of the unexposed materials 

The data indicate that 1) the Mil-celad AZ31X-h 
alloy is relatively immune to stress corrosion at 
10,000 Tb in 2) The ZK 60 


\I1-h allovs are 


stress corrosion at stresses below 20.000 and 16.000 


stresses ol about 


and the relatively immune to 


Ih in respectively The tensile properties of 
the M1 alloy were lower than those of other allovs 
studied Hence it was exposed only at a stress of 
16,000 [bin on longitudinal specimens. The 
AZ51N, AZGIX, and AZSOX allovs were 
ceptible to stress corrosion in the weather when 
Thess 
allovs were not exposed in the weather at lower 


AZ31X-h allov was susceptibl 


©O stress-corrosion im the weather at) sti 


all sus 


subjected to stresses of 20,000) Ib in 


stresses ») The 
{ esses of 


16.000 or more iD 1 








2. Continuous Immersion Tests in the 


NaCl-}-K.CrO, Solution 


The curve in figure 10 shows the relationship 
between the stress and the exposure period to 
failure for specimens of annealed AZ31X material 
The stresses that the materials would withstand 
for 24 hr or longer in the NaCl+ K.CrQ, solution, 
as determined from curves of this type, are defined 
as the threshold stresses. It was suggested that 
as an accelerated test 


such n test could be used 


to evaluate the resistance of magnesium alloys 
to stress corrosion, if a relationship could be estab- 
lished between the threshold values and the ulti- 
mate tensile strengths or vield strengths of the 
material or the long-time stress-corrosion data 


Thre shold 
| 


stresses for the various sheet and 
inclusive, 
exception of 0.064-in. thick 


AZ61X-h sheet material supplied by the American 
threshold 


extruded a lovs ewiven im tables 2 to 5, 


show that with the 


\Niagnesium Corp thy stresses 


were 
vrentet than 75 percent of the vield strength of the 
material. The threshold stresses (in terms of vield 


AZ6IX 


those of thre 


strengths of the annealed 


highes 


material 


alloy were 


than hardened 


The threshold stresses of other 


rt nerally 
rolled 


materials studied in percentages of the vield 


strength, were generally approximately the same 


Whether the material was in the annealed or rolled 
conditions 


Nal | 


The threshold stresses obtained in the 








KOC rO, solution do not indicate the minimum 
‘+ ; 
24 ; 
z h 
L6titiiiil biti } Se aeer 
z 
\ ? 
- ee } | | | 
‘ Ro 
} jy AH | 
yy, ee | | 
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stresses at which the material will fail by 


Furth } a 
Il 


corrosion cracking In the weather 
relative susceptibilities of some of the all 
determined from threshold stresses given in 
9 ~ 1 


2 to 5 do not agree with weather exposu 


shown in figures 8 and 9 


3. Intermittent Immersion Tests in the 0.0]-Perec, es 


NaCl Solution dl 


The results of intermittent’ immersion — 
corrosion tests on the AZ6LX, AZ51LX, and AZ sia i 
rolled 


graphically in figure 8 (left For 


alloys all in the condition are 
comp 
results of weather exposure tests on these aan 
The res i 


to stress corrosion of the three materials was Ihe 


are shown at the right in figure 8 


sume order in the intermittent immersion t 
the 0.01-percent NaCl solution as in the w 
exposure tests 

The results of intermittent Immersion t 
the O.01-percent: NaCl 


alloy after heat treatment and aging and 


eine | 


solution for the AZSs 


alloy as extruded are shown graphically in fi 
The results are in qualitative agreement wit! 
obtained in weather exposure tests for th 
in the two conditions 

There were insufficient data from intern 
immersion tests on the other materials stuc 
these results show 


determine whether 


correlation with weathet CX POSUTe data 


4. Discussion of Laboratory Accelerated T 


section II], 2 
NaCl I 
First, thi 


It Wis pointed out in 
continuous immersion tests in the 


solution have two drawbacks 


stresses stresses below which Stress-col 
fractures did not occur in the NaCl KLCrO 
tion were much higher than those obtan 


the same allov in the weather Second and 


Important the correlation was Pool betwee 


dietions of relative susceptibilities ot \ 


magnesium allovs, made from the results o 


test and thre results ol weatnet eXposure aa 


There Wis ceneral vyvreement betwee 
immersion and we 


AZ31X-h, AZSIX-1 


nadicated In section | 


results of intermittent 
eX POsure tests on thre 
(Z61X-h allovs as was 
These results, and the limited results obtanu 
other materials, indicate that intermittent u 


sion tests in a dilute chloride solution are a 
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y means of predicting the relative sus- 


a ’ ies of magnesium alloys to stress corrosion 
le mosphere than is continuous immersion in 
" ' | chloride-potassium chromate solution. 


IV. Summary 


Perc. ess-corrosion tests were made on M1, bare 
d AZ3IX, AZ51X, AZ61X, AZSOX, and 
wrought magnesium base alloys Stress- 

posure period to failure results were obtained 

weather exposure and in two types of 
ory tests 

he decrease in tensile properties of un- 

| specimens exposed at the National Bureau 

Standards site was small 

The Mi-elad AZ31X-h alloy Was resistant 
ss corrosion in a marine atmosphere at 
ip to 30,000 Ib /in 

The bare AZ31X alloy 


rosion in the weather at stresses of 16,000 


Was sus¢ eptible to 


' more 
sheet MI1 and the extruded Dow ZK-—60 
re resistant to stress corrosion in weather 
tests at stres 


sup to 16,000 an 1 20.000 


spechive ly 
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6. The AZ51X, AZ6LX, and AZSOX alloys were 
all susceptible to stress corrosion in. the weather 


20.000 Ib/in 


when subjected to. stresses of 
These alloys were not tested at lower stresses 

7. The susceptibility of magnesium base alloys 
to stress corrosion increased with the aluminum 
content up to approximately 6.5-percent alumi- 
num 

8. Results of intermittent immersion laboratory 
NaCl solution as a 


corrodent, were in better agreement with those 


tests, using a 0.01-percent 


obtained in weather exposure than were those 
obtained by continuous immersion in a 3.5-percent 


NaCl+ 2.0-percent KeCrO, solution 


The cooperation of Fred M. Reinhart and the 
late Willard H. Mutehler of the National Bureau 
of Standards, and of Lieutenants C. A 
and M Naval Au 


Hampton Roads, Va., in securing the 


Snavely 
Franklin, of the Station 
weather 
exposure data at Hampton Roads ts appreciated 


Babb and 
assisted in obtaining the data at the National 


Houston Thomas P Roy ston, dt 


Bureau ot Standards 


22, 1949. 
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Preliminary List of Levels and g-Values for Ta II 
By C. C. Kiess, G. R. Harrison,' and W. J. Hitchcock ' 


A new description of the spectrum emitted by singly ionized tantalum atoms has bee: 


( piled from observations made at this Bureau. The list of wavelengths contains about 
2.500 lines between 5300 and 2000 A About a third of these lines, including most of the 
strong om have been classified as transitions among energy levels that were identified 
with the help of well-resolved Zeeman patterns. The low and metastable levels arise frot 
the electron-configurations 5d? 6s?, 5d® 6s, and 5d‘. The higher levels with which the low ones 
combine arise from the excited configurations 5d? 6s 6p and 5d® 6p rhe presence of the 
configurations in ionized tantalum, almost equai in stabilitv with ds, is noteworthy 
because it is unknown ia the homologous vanadium and columbium io 
\t various times during the past 25 vears, the Tau were furnished by the Zeeman effect. So 
$ of tantalum have been under investiga- far as is known the first observations of the 
1 t the National Bureau of Standards, not splitting of tantalum lines in magnetic fields were 
A »set up standard descriptions of them but made especially for this investigation, in 1924, at 
‘ analy Ze their structure A description the Brace Laboratory of Physics of the | niversity 
»! the spectrum of the neutral tantalum atom of Nebraska, by the late Professor B. E. Moore 
: preliminary list of levels for Tat have These earliest observations, measured and reduced 
: y been published. An analogous descrip- at the National Bureau of Standards, exhibited 
the spectrum emitted by singly ionized some well-resolved, complex patterns for the 
im atoms has been completed and has, in stronger lines and gave the first insight into the 
wen classified. The levels are communi- structure of the tantalum spectra. Although 
nm the tables of this note A revision and \IcLenan and Durnford 4 published some Zee- 
on of the Tai levels will follow in due man effects for tantalum lines, in 1928, thei 
observations refer, apparently, only to unresolved 
spectrograms on which the descriptions patterns and were not used in this investigation 
spectra are based were obtained with the Following Professor Moore’s untimely death 
and grating spectrographs of this Bureau further work on the Zeeman effect of tantalum 
over the wavelength range from 2000 A, was carried on at this Bureau In 1932, a set of 
iltraviolet, to beyond 12,000 A in the observations was made with the water-cooled 
d. The light sources were ares and con- Weiss magnet for which the light-source was a 
| sparks between electrodes of pure tantalum spark discharge between tantalum electrodes in 
They were operated in enclosures in which air. In a second set of observations, made 11 
pressure Was maintained at half an atmos- vears later, the light-source was a Ta are operated 
less so as to reduce the intensity of the in a Back Lamp? in which the air pressure was 
ound of continuous radiation that always reduced to about atm. In the meantime 
vanies tantalum ares and sparks in air at however, observations of tantalum were included 
pressure in the Zeeman-effect: program with the powerful 
clues to the term-structure of Tat and magnet at the Massachusetts Institute of Tech- 
' MI musetts Institute of Technolosy, IC, MeLenna 1A. M.I.A. W. Durnford, I K \) 120 
BS 12,4 RI . 
BS 1 RPS E. B IV) 70 
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nology These have been parti ularly valuable in 
resolving clos patterns that were unresolved 
with the weaker fields 

The data uequired at both laboratories have 
led to the levels and g-values presented in the 
following tables Table 1 contains the low and 
metastable even levels from the electron configu- 
rations 5d* 68°, 5d° 6s, and 5d Table 2 contains 
the odd leve ls from the configurations 5d? 6s op 
and 57° tp resulting from excitation of an s or d 
electron out of the low configurations The per- 
missible transitions between these sets of levels 
give the classifications of more than a third of 
the known lines of Tau, including most of the 
strongest ones 

Except for the levels of the lowest °F term the 
g-values do not agree strictly with those required 
for LS-coupling. However, the most plausible 
designation of the levels seems to be the term- 
svmbols entered in the last column of table 1 
Inspection of the table shows that intermingled 
with the components of °F and lying above them 


are triplet and probably singlet levels, apparently 
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from the d@? s? configuration It is rather s 
that in singly ionized tantalum the config 
@s* is almost equal in stability to ds, 
there is no evidence of its occurrence In 
ionized vanadium and columbium 

Details of the analysis of Tat and Ta 1 


presented In subsequent papers 
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lectrode Function (pH Response), Hygroscopicity, and 
Chemical Durability of Na,O-CaO-SiO. Glasses 


By Donald Hubbard, Given W. Cleek, and Gerald F. Rynders 





Phe hydr 


cal durabilit, 


out n electrode function pH respol 


surface alteratior 


vere measured for a series 


{1 and extended the previous conclusiot 


and poor chemical durability are incapable of 
i s Keach fa ft glasses having 

i vas found to have a 1 compos 
ca oltage Howeve yw \ ys 
t i the numbe ol sel vila l« 
> percent Na2Q, 6 percent CaO, 72 yx 


<< | 


» be iperior for its pH respons For the serie 
and chemical durability curves appear to indicat 
, ase are indicated by the phase diagr: 


I. Introduction 


the water content plays an important role 


} rmining the suitability of glasses as indi- 

{ of the hydrogen ion activity of aqueous 

: ms Was recognized by the early investigators 

rlass electrode [1, 2, 3, 4, 5, 6, 7] ' However, 

cently have simple, semiquantitative tech- 

} been available for readily comparing and 

ng glasses for their water sorbing capacities 

. 0, 11, 12, 13, 14 Such hygroscopicity data 

omparison with the accompanying pH re 

es have shown in all cases investigated that 

of very low hygroscopicity fail to develop 

oretical voltage of 59 my per pH at 25°C 

d from the simplified Nernst equation 
WOO19S 7 ApH [15]. 

Other conspicuous departures of the glass elec- 


om the straight-line relation of the Nernst 


mappear in solutions that enuse detec table 


s in the chemical durability of the glass, 
s hvdrofluoric acid and = various. strong 
solutions {[7. 16, 17, IS]. Voltage de- 


PH Function of Glasses 


se), | Veroscopicity (wats 


of NasO-CaQO-SiOs glasse- 


hat glasses 


rsorbing property 


itions of various hvdrogen ion concentra 


Ihe resulting data both cor 


having inadequate hygroscopicits 


pH 
NaO: CaO 


producing satisfactory electrodes for 


equal SiO, content and varving 
t gave electrodes that approached 


al durability 


and de- 


»a small area from which the euteetie con 
ree SiO, (Cor g O15 - already know: 
of 70 pe re Sis ¢ ( thie pH response 
‘ t ce I at whe changes in the 
am of the svstem 


partures (errors) also occur in the “super acid” 
region, in nonaqueous solutions, and other solu- 
tions of a dehydrating nature [4, 18, 19, 20). 


As the pli re- 


sponse, voltage departure, and chemical durability 


composition, hygroscopicity, 
ol glasses seem to be so intimately associated, each 
of these properties was investigated for a series of 
NajQ-CaQO-sSiQO, glasses covering as great a range 
of compositions as the nature of the glasses and the 
of the 
ment would permit 


limitations available glass-making equip- 


II. Experimental-Procedures 


The procedure employed for determining hygro- 
scopicity was that reported in previous publica 
11, 12). 
sorbed” [21] upon exposing approximately 


tions |10, which consisted of weighing the 


water” 


Lo 


Tyler standard sieve, to the high 


¢ of powdered glass that passed a 150 mesh 
approximately 
987) humidity maintained by a saturated solution 
of CaSO,2H.O 
equilibrium and uniformity throughout the humid- 


To insure speed in obtaining 
ity chamber, the walls were lined with a blotter 
wick, while the atmosphere of the closed system 
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oc cont nuously (ll 
exposed lor | nna 2h 
] 


resuits re ported nS 


glasses were 


periods at 25°C 


milligrams of water sorbed pet 
cubie centimeter of sumpl 


The exp 


mental electrodes were blown from 


/ 


ubes drawn from the melts at the time the classe s 


we poured. These electrodes were filled with 
mereury for the nner electrical connection [22 


and wer examined tor voltage characteristics 


using a well-conditioned Beckman glass electrode 
The voltage and pli 
observations were made at room temperature with 
a Beekman pli meter, model G 


values 


as a reference standard 


The pli response 
mV pel pil were calculated from thy emf 


readings at pil tt and pli S.] The 


voltage 


difference between the reference and experimental 


electrodes obtained in the buffer of pli 2? was taken 


as the zero voltage departure 

Th al abil meusurements were obtained ny 
23, 24, 25 
pecinens exposed to Britton 
al buffer 


the in I I { procedure It) IS 


solutions nt St) + 


. data are reported as change 

or 6-hr exposures, although 

ome ot tlhe ! ere exposed for as short a 
period as 15 mut ! rder to keep the attacks 
within the rat mitations of the interferometet 


Dimensional mnves vreatel than three to tive 


Iringes are ad it t read, and the large values of 


SW lling would nobserval le uniter 6b hi Deculs¢ 





and the 


ol sloughing off ol the swollen Surlace le; 
pitted area As of the 
exhibited swelling in acid buffers, it was ne 


rough many 


to plot these data as “negative attack” 
Throughout the papel the glasses are ide 
by their composition (computed from the 
given in weight percentage in the ratio of 


CaQsiO 


III. Results and Discussion 


Table 1 
partures exhibited DY electrodes 
typi al Na.O-CaQO-SiO, glasses 
uppeatl the 


vives the characteristic volta 
prepares 
In the sam 
also hvgroscopicity and el 


durability data for this series of 
Figure | 


in whi hi the pil 


between pil t.l and 8.1] 


response (mv p 


is plotted neal 
hygroscopi ity 


water sorbed lor | hit eCXPo 


QS°7 relative humidity probably gives tl 


understandable pieture of the electrode pe 


ance ol this series ol olassc S 


Electrodes p 
from glasses below a certain hy 
\ hig | failed to develop the 


pel pil at 25° C 


FrFOSCOPICILY 
theoretical 
while those electrodes )) 
from glasses that sorbed water between the 
imate limits $0 to 75 mg pet 


Croup B 


Na O-CaO-SiO 
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approximated the theoretical voltage ove! the pil 
For the glasses of 
fig. 1) the pH 


response again falls off, but, not as sharply as is 


range chosen for comparison 
higher hygroscopicity (group C 
the case for the glasses of very low hygroscopicity. 
This decrease in pil response at the higher hygro- 
SCOPICILLES IS assor inated with a progressive decrease 
in the chemical durability of successive members 
of the series 

It is 


suggestion that a low pli response might be used 


evident from figure 1 that the previous 


as a satisfactory indicator of the serviceability 

of optical glasses [9] must be accepted with reser- 
Kon example, a low pil response at the 
the 


Vations 
left 
hvgroscopi ity 


end of curve is accompanied by low 


and = satisfactory serviceability, 


while at the other end of the same curve a low 
pH response is accompanied by high hygroscop 
leitV, Poor chemical durability, and unsatisfactory 


servi eability 


It is interesting to note that the Na,OQ-SiO 
elasses 20:0:S80, 25:0:75, 30:0:70, 35:0:65, and 
10:0:60 fall into a family distinet from the 
Na.O-CaO-—SiO0. vlasses Figure 2 shows how 
remarkably some of these glasses, chosen from 


the boundaries of group C, figure 1, differ among 
Glasses 
CaO 
demonstrated pronounced swelling in the acid pH 


themselves in chemical durability.4 


(0:10:60, 35:5:60, and 30:5:65 containing 


range while the Na.O-SiQ, glasses 30:0:70 and 
25:0:75 were vigorously dissolved [12]. On the 
other hand. glass 20:0:80. which gave a much 


smaller showed 


swelling A 


voltage departure 


voltage departure, 
curves and 


these 


comparison of the 
the 
glasses shows the expected qualitative correlation 


chemical durability curves for SIX 


The voltage departures for electrodes from the 
the 
as the durability curves for 


;0-0:70. 25-0:75. and 20:0-:80 are in 


glasses 
Sintnie relative order 
The voltage departure curves for 


the 


classes 


these 


electrodes from lasses containing CaO that 


exhibit swelling in the acid pH range also follow 


a durability although glass 30:5:65 


should 
and 35:5:60, as the latter are in a different family 
SiO, content It 


sequence, 


possibly not be compared with 30 10-60 


with respect to is obvious that 


each series of classes having il fixed percentage 


These 


of SiO, falls into a distinct family (fig. 1 
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re. . © ©. oe 2 ee ee oe families coincide in their pH response only for 


those members that have adequate hygroscopicity 

and possess uniform chemical durability over the 

} | pH range chosen for comparison. For convenience 

in observing the trends within each family the pH 

rae response Values in table 1 have been separated into 
4 | groups. To obtain a qualitative picture of the 
/ inter-relationships between voltage departure, 

} composition, pl response, hygroscopicity, and 

chemical durability of such a family of glasses 

/ | 70% SiO.) see figures 1, 6, 7, 8, and 9 

Electrodes from glasses of low hygroscopicits 

é group A of figure 1, show large voltage departures 

fig. 3 In general the property of very low 

hvgroscopicity seems to obscure any additional 

” 5u5:70 | voltage departure attributable to chemical dura- 

. bilitv shifts in the alkaline range. Figure 4 shows 

di ] that there are two apparent exceptions to this 

‘ 1 viz. glasses 15:25:60 and 15:20:65 However, 

— these two classes ure obviously not exceptions 
“ inasmuch as their hygroscopicity is nearly adequate 

; to vield the correct pH response, provided they 

; ' | possessed desirable durability characteristics 

The glasses in group B of figure 1 (i. e. those 
rdf having adequate hygroscopicity and uniform 
. k& 5 | chemical durability over an extended pH range 
and with reduced attack in the alkaline range 
. produced electrodes with very much decreased 
: : y ‘ | voltage departures fig om). Also, these voltage 
‘| —_ | departures are confined to the alkaline pH range 
: of decreased chemical durability The difference 
* inh performance of some of these electrodes in the 
7 alkaline range can possibly be rationalized. For 
OF 5:65, instance, glasses 20:10:70 and 25:5:70 exhibit 
8} { - voltage departures in the opposite directions 
6} 4 Although the attack for the two glasses was the 
4} same at pH 11.9, such is not the case in the acid 


range Glass 20:10:70 had no detectable attack 


. nm 


0 . o aaa = at pH 4.1, so it is conceivable that going from no 
-2} attack to an appreciable attack is not altering the 
4l 1 i _ surface of the glass nearly so radically is for class 
0 2 4 6 8 10 12 14 ona is : 
- 25:53:70, which passed from a swollen condition in 
p 
the acid range to an over-all solution in the alka- 
, Comp t} j abilityep : 
H . , pit line buffers However it is also possible that 
fh the ollage departu e-} ( es Jo electrodes 
cleat Welt, ales af be accidental variations in blowing the electrode 
= bulbs were responsible for such reversals 
| if In order to obtain some indication of the com- 
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i} Scrme pil eqior 


position limits within which electrodes approxi 
mating the theoretical pli response can be made, 
hicure 6 Was prepared showing composition lines 
The 
the experimental glasses are represented by small 
Those 


that approximated the theoretical 


ol equal hygroscopicits compositions ol 


open circles that produced electrodes 


59 mv per pH 
while the 


are inclosed in small hexagons, inter- 
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p ed oO Na O-CaO-siO 
hygroscopicity for pil det 


polated compositions are located as heavy 
The lines of equal hvgroscopicity iso-sortl 


values 


identified by thei sorption insert 
circles. 
The resulting figure reveals that the a 


promising compositions (shaded) is bound 
two hy FrOscopIicity barriers, the one of deer 
Na.O content, which is too and the 
Na.O, 
latter area is also a region of pool chemiea 
Thus 
groupings A, B, 

The 


figure 6 are not 


“dry - 


of inereasing which is too ‘wet’ 


bility figure 6 indicates the samy 


and C that are shown in fig 


included nh the shaded il 


classes 
all equally satisfactory I 


measurements Glasses 20:20:60 and 25 


table 1 


that it Was almost impossible to obtain ul 


devitrified so rapidly upon rehy 


tured elec trode s Successful ( lee trodes. whi 


tained, deteriorated so vers rapidly because 
that the 


pool! durability of the lasses 


voltage readings obtained must be consider 


superficial Klectrodes prepared from 


20:15:65 and 25:10:65 also deteriorated ra 
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earch 


. tory compromise of all these factors. 


Klass having the composition, 22 percent 





‘i; ious that these four classes do not right- 


erve the favorable position assigned them 
sland 6. Thus the useful range of the 
irea in figure 6 is greatly reduced from 
The 


inexplored and is possibly too broad. 


{ right area shaded with broken 


rlass compositions of optimum pH per- 
that 
adequate hy FrOscopIicily and acceptable 


i. e«. those offer a compromise 


would probably 


appear inh 


| durability 





worthy candidate for this honor for pH measure- 
For use at elevated 
glass of better 


As the electrical resistance 


ments at room temperatures, 
temperatures a much chemical 
durability is desirable. 
of class electrodes decreases greatly with iIncreas- 
ing temperatures [26, 27], glasses of lower hygro- 
scopicity and much improved chemical durability 
can be used for pH determinations at elevated 
temperatures. 

Concerning the possibility of any glasses of the 
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oO us a 


factors involved taken into consideration, 
ng the liquidus temperatures, the difficulty 
ting, fining, drawing tubes, and tendency 
devitrification upon reworking, it is con- 
le that but one composition makes the most 
The 
Na,O, 
nt CaO, 72 percent SiO,, near the eutectic 


the lowest melting temperature for this 


omponent system [2, 3, 7], seems to be a 


PH Function of Glasses 


OH aD 4 


formance in the high pH range than does this 
eutectic glass, a few of the experimental electrodes 
gave small negative departures in the buffer solu- 
tion at pH 11.9 As the reference electrode was 
also a glass electrode normally showing a small 
positive departure in the alkaline range, these 
negative departures reported for the experimental 
electrodes that for 
determinations of high pH values might be ex- 
Electrodes from glasses 20:10:70, 15:10 


some umprovement 


indicate 


pected. 
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75, and 20:5:75 (table 1) are typical examples of 
compositions showing this negative departure at 
pil 11.9 

If the region NO PQR of the Na,O-CaO-SiO, 
phase diagram, which includes the compositions 
of the best commercial glasses obtainable from 
this ternary svstem [29], is superimposed upon 
figure 6, most of the factors controlling the prac- 
tical composition limitations for glass electrode 
lise can be seen at a clance This aurea includes 
the composition range in which devitrite (Na,O- 
('a2O0-6Si0,) is the primary phase. Glasses near 
the boundary RN are too readily attacked by 
water and buffer solutions except near R where 
devitrification causes trouble. Below the boundary 
NO, excessive hygroscopicity and poor chemical 
durability. limit the usefulness of the glasses 
Above RQ devitrification, low hygroscopicity, 
and high melting temperatures interfere To 
the right of O PQ, the area of adequate hygrosco- 
picity is limited by devitrification and = high 
melting temperatures 

\ fairly comprehensive picture of the nature of 
the Na.O-CaO-SiQ, glasses can be obtained by 
plotting the voltage departure-hygroscopicity 
curve for 70 percent SiO,, and comparing it with 
the accompanying chemical durabilitv-hygrosco- 
picity curve, figure 7. The resulting two curves 
illustrate the subtle relationship between glass 
electrode performances hvgroscopicity, chemical 
durability and composition. For instance, voltage 
departures appear for electrodes from glasses of 
low hvgroscopi it\ and lor electrodes from glasses 
of high hvgroscopicits and poor chemical dura- 
bility The over-all pieture also suggests that 
these voltage aepartures appeal ut the composi- 
tions at which the phase diagram indicates a shift 
n the primary phase [28, 29, 30]. To emphasize 
ihis point, the approximate positions at which the 
primary phases CaQ-SiQ,, Na,O-3Ca0-6S8i0,, and 
Na,O0-2810, appear, are indicated on the graph 
Perhaps the most interesting feature illustrated in 
figure 7 is the effeet of small additions of CaO to 
the parent Na.O-SiQ, glass. The reversal from 
rapid solution to an even more rapid rate of swell- 
ing brought about by the addition of as little as 
0.25 percent CaO suggests pertinent experiments 
concerning the effect of network-modifiers. [14 
fj Anv other families of glasses of constant 


SiO. content would give curves quantitatively 


different from, but qualitatively similar to figure 


254 





7. This is easy to visualize upon inspect 
figure | 

The performance (voltage departure), 0 
extended pil range of typical electrodes pre 
from members of 70 percent SiQ, series of ¢ 
and the chemical durability of the indi 
classes over the Same pH range are plott 
figure 8. One point of interest in the el 











Na. O-CaQO-sSiOd ISS¢ oO at . 


performance is the steady Enprovement wit! 
creasing percentages of CaO to near 10 pet 
followed by i shar p reve rsal for percentages ni 
this value 

The voltage departure curves for these gl 
of low hydroscopicity are plotted in figure 
broken lines to distinguish them from the ¢« 
of classes having poor chemical durability. 
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I ! R « on of the pil ponse, the | 
he lura ty at pH md 11.9 
Na.O0-CaO-siO asst mtainir 0% SiO 


durability curves are of interest because of thi 
exaggerated swelling in the acid range exhibited 
by members having low percentages of CaO 

The question always arises whether the chemical 
Ol physi al prope rties of a series of classes rt {lect 
any ol the eritical points of the corresponding 


phase equilibrium diagram [31 To determin 


what evidence the present data offer on this sub- 


pect the properties ol pil 


esporise, chemical 
durability at pli 2 and 11.9 and, hvgroscopicity 
were plotted against the percentage of C'aQ) for 
the glasses of the 70 percent SiO, series (fig. 9 
The chemical durabilities at pH 2 and 11.9 wer 
chosen because these curves ck parted in opposite 
directions, thereby emphasizing the composition 
at which a marked durability shift’ occurred. 
These chemical durability curves and the pli 
response curve superficially suggest the composi 
tion at which the primary phase changes from 
VNaoO0-2810, to Na.O-3CaO-68i0 The evidence is 


ij ‘a ley ; e-pll 
VaO-CaO-siO 


sit) ah NaO ; «place (‘a 
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le ss COnRVINGCINY although hot entirely lacking for 
boundary of the devitrite field at which 


The 


hvgroscopicity curve cannot be offered as evidence 


the other 


CaQ-SiO, appears as the primary phase 


because of the experimental limitations imposed 


in obtaining the data 
IV. Summary 


hvgroscopicity, and chemical 
Na,O-CaO-SiQ, glasses 


The results obtained re- 


The pi respotrist 
durability of a series of 
have been investigated 
the fact that 


hvgroscopicity fail to yield electrodes that perform 


emphasize glasses of inadequate 
satisfactorily as indicators of the hydrogen ion ac- 
tivity of “uqueous solutions at room temperatures 
Many of the glasses exhibited swelling in the acid 
buffers, 
in the 


and all of them showed the usual attack 


alkaline range. For any family of glasses 
of constant percentage of SiO, the extent of swell 
ing in the acid pH range decreased progressively 
with the replacement of Na,O by CaO 


glasses the chemical durability in alkaline solutions 


For such 


also improved 

The g Na.0-CaO-SiQ, series, which 
produc ( d electrodes that most nearly approximated 
the theoretical straight-line relation of the Nernst 





asses of the 


equation, were those whose hygroscopicity and 


chemical durability characteristics most nearly 


approached the corresponding properties of the 


glass of the eutectic composition, 22 


Na.O t) 
OLS 


percent 


percent CaQ, 72 pereent SiO, (Corning 
In accordance with previous experience, all 
glasses of poor chemical durability failed to yield 


satisfactory electrodes for pH measurements 
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Soil-Corrosion Studies, 1946 and 1948: Copper Alloys, 
Lead, and Zinc 


By Irving A. Denison and Melvin Romanoff 


This report contains the results of measurements of the corrosion of copper, lead and 
ne, and certain allovs of these metals after exposure to different soil conditions for a maxi 
im of 14 vears The soils to which the materials were exposed range from well-aerated 


soils deficient in soluble salts to very poorly aerated soils containing high concentrations of 


water-soluble materials. The magnitude and progress of corrosion with respect to weight 


loss and pitting are interpreted in relation t« 
ties of the soils at the test sites 


and steel, copper, lead, and zine in tvpical 


I. Introduction 


results of the first series of soil corresion 
tests vonducted by this Bureau indicated 
inderground structures of cast tron, wrought 
and steel could not be expected to withstand 
ong periods the corrosive action of many of the 
sof the United States. Although certain types 
stallations, such as large-diameter pipe lines, 
be protected from corrosion by bituminous 
supplemented where necessary by cath- 
protection, corrosion of certain other under- 
nd installations, such as distribution systems 
ill-diametet pipe, Is more readily combatted 
etals and alloys that are inherently resistant 
rosion. In order to obtain information on 
orrosion resistance of materials otherwise 
ble for underground construction, specimens 
variety of metals and alloys were installed 

} test sites in 1952. 

Sufficient specimens were buried to provide for 
al of two specimens of each material after 
of five periods of exposure. Accordingly, 
lens were removed in 1934, 1937, 1939, 1941, 
946, and returned to the laboratory for 
irement of weight loss and maximum depth 
s. At the time of the removals in 1937 and 

11, specimens of several alloys of lead and of 

ind in 1939, 


uuried at the same sites and at one additional 


specimens of arsenical brass, 
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e composition of the materials and the proper- 
Comparative data are given tor the corrosion of plain rol 


sol environments 


site. Specimens of the latter materials were 
removed from each site at the subsequent removal 
dates and also in 1948. In this paper results are 
reported for exposures up to 14 vr for specimens of 
copper and copper alloys, for exposures up to 11 
vr for specimens of lead and zine, and for exposures 
Cor- 


rosion data for the removals prior to 1946 have 


up to 9 vr for specimens of arsenical brass 


been published in a series of reports that were 
summarized by K. H. Logan [1]! by whom this 
investigation Was initiated, 

The results of corrosion tests of ferrous materials 
were described in the first report of this series 
2). Sueceeding reports will deal with specimens 
of asbestos-cement, and those with metallic and 


nonmetallic protective coatings. 


II. Properties of the Soils at the Test Sites 


The test sites were selected not only to represent 
a wide range of corrosiveness, but also wide dif- 
ferences in the physical and chemical properties 
of soils. For example, the hydrogen-ion concen- 
table | 
to 9.4, and the resistivity from 62 to 17,800 ohm- 


tration of the soils ranges from pH 2.6 
em. Differences in the composition of the water 
soluble material of the soils are also indicated in 
table 1. 


for example, are seen to consist of sodium and 


The salts contained in soil 64, Doeas clay 


Figures in brackets indicate the literature refers ttl 
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potassium chlorides; whereas, the salts in soil 60, in table 2. Specimens of some materials 


Rifle peat, are sulfates of the alkalies and of the 
alkaline earth metals 


The ends 


pipe specimens were closed by caps to 


the form of pipe, others of plate 


The retentiveness of the soils for moisture is moisture, thereby preventing corrosion 


indicated by values for the moisture equivalent, interior. An additional precaution was ta 


1. e., the quantity of water retained by a previously prevent internal corrosion by coating the int 


saturated soil subjected to a centrifugal force of 


1,000 times the force of gravity. 


Values for apparent specific gravity are pre- 


surface 


rrease 


of 


the 


pipe 


specimens 


with a 


The exposed area of most of the 


mens was approximately 0 


ft.’ 


Microp! 


sented as relative measures of the porosity of the 
the 
mineral portion of soils varies within narrow limits 


graphs of the copper and copper alloys st 


soils. Because the real specific gravity of are shown in figures 1 and 2 


The compositions of the zine and lead spt 


the apparent specific gravity indicates the com- are given in table 3. 


that 


The composition of n 
that of 
The die-casting zine all 

is substantially the same as ASTM alloy X\ 
The lead alloys contained copper, antimor 


pactness and, hence, porosity of soils are Z corresponds approximately to 


primarily inorganic in nature grade”? zine slab 


III. Description of the Materials 


lurium, or tin in various amounts to p 


The form, dimensions, and composition of the greater hardness and better mechanical pro] 


specimens of copper and copper alloys are given than ordinary lead. 
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IV. Copper and Copper-Silicon Alloys 
1. Loss in Weight and Depth of Pitting 


Prior to examination, the corroded specimens 
were cleaned by methods that have been previously 
described [1 
ured by the loss in weight after exposure and by 
These data 


Unless indicated otherwise, 


The extent of corrosion was meas- 
depths of the deepest pits are 
table } 
average of measurements made 


the 
recorded Ith 
each value is the 


two Except as noted in table 4, 


on specimens 


the exposure pel iods at the different test sites did 


not differ by more than 5 percent. 
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specimens of tougl 
14 test 
Because of the s!} 


the appearanc 


condition of 


copper after exposure at sites for 


is illustrated in figure 3 
ness of many of the pits, 
specimens is somewhat deceptive in giv 


impression that copper tends to corrose 


formly. Actually, as will be seen later, 


exposed to soils shows the same general t¢ 


s shown | 


corrosion 


steel 


toward localized as 


iron, wrought tron, and 


The progress of corrosion with time for 


pitch copper be deoxidized copper A, ana « 


silicon alloys D, E, and N is shown in fig 
' ( ( 
M 
ret ARI * 
is ; ; 
; 
; . 
| ” ~ 
4 ‘ 
; } 
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reparing the curves shown in this figure, 
s for average penetration, calculated from 
ta for weight loss given in table 4,? and for 
lum penetration were plotted against the 
ponding periods of exposure 

curves for average penetration indicate 


xcept in soils 60 and 63, which are high in 
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sulfides, and occasionally in other soils. the 
deoxidized copper A and the copper-silicon alloys 
D, E, and N, corroded at somewhat higher rates 
than the tough-pitch copper C 

nlike the curves tor average penetration the 
pit depth-time curves for a number of the soils 
indicate that the deoxidized coppel A and the 
copper-silicon allovs D and N did not pit any 
deeper than the tough-pitech copper C In faet 
only in soil 66 was tough-pitch copper significantly 
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more resistant to pitting than the other materials 
In all soils except 60 and 63 the coppel silicon 
alloy ky pitted considerably more than tough pitch 


‘ oOppe I 
V. Copper-Zinc and Copper-Nickel-Zinc 
Alloys 
1. Loss in Weight and Depth of Pitting 


The re sults ol the corrosion tests of thr copper- 


Zin allovs and of a single copper-nickel-zing alloy 
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Materials H, J, Kk 


were corroded in part by dezincifieation in 


are given in table 5 


of the soils, and some of the values for weie 
of these materials necessarily include son 
from this form of corrosion llowever, 


corrosion product ol spongy coppel Ww: 
removed in measuring pits on dezincified 
the values of maximum penetration given 


table are not affected by dezin ification. 
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Be lise thi poro is deposit produced by dezinei- 
fication is the product of one process of corrosion. 
compl te evaluation of the condition of a corroded 
specimen in terms of weight loss and_ pitting 
necessarily entails removal of the dezinecified cor- 
rosion product However, in the present study, 
it was desired to distinguish between weight loss 
and pitting due to dezincification, and that result- 
Ing from other corrosion processes Consequently 
in order to exclude from present consideration the 
corrosion that resulted from dezincification, weight 
loss data for materials appreciably affected by 
dezincification were not used in plotting the aver- 
age penetration-time curves shown in figure 5 
Kor « WNparison with the corrosion of copper, the 
corrosion-time curves for tough-pitch copper C 
are included in the figure 

\ progressive Increase In average penetration 
With increasing zine content is indicated by the 
curves, except for the soils high in sulfides. In 
those sulfide soils (59 and 63), which are continu- 
ously saturated throughout the year, the average 
penetration tends to increase inversely with the 

ne content. This tendency ts also indicated by 
the data for soil 60: but because of seasonal drving 
aha consequent oxidation of sulfides to sulfates 


this trend is not so pronounced The relatively 
high resistance of the high-zine brasses to corro- 
sion by sulfur compounds in other environments 
has been previously observed [8 It should be 
noted that the high values for materials J and L 
for the final period, which indicate a departure 
from the inverse order, are unaffected by dezine 
fication As will be seen later, this form of corro- 
sion Was not observed in any of the soils high in 


sulfides 


The pit cd pth time curves shown In figure 5 do 
not indicate anv correlation between maximum 
penetration and zine content Instead of showing 


reater resistance to pitting than any ol thre 


copper-Zin allovs, as might have been predicted 


from the average penetration-time curves, tough- 
pitch copper C and red brass F occupy an inter 
mediate position in all soils with the exception of 
soils 51, 56, and 66, in which they are as resistant 
as anv of the other materials It is surprising 
that the allovs that showed the maximum and 


minimum tendency toward pitting, namely mate 
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rial H (67.08% of Cu, 31.07% of Zn, 1.0 
Si, and 0.849 of Pb) and material K (71.2 
Cu, 27.39% of Zn, and 1.30°7 of Sn) should 


sO little In composition 


2. Dezincification 


Although the extent of dezincification « 
materials subject to this form of corrosio 


indicated qualitatively in earlier progress r 


measurements of dezincification have not 


viously been made in the course of this inv 


tion In the present study, the depth of ad 


fication was measured in the following m: 


The specimens were first cut longitudinal] 
examined for evidence of dezincification. 
were then cut into transverse sections so th 


areas having the maximum depth of dezin 


tion could be located Measurements ol 


depth of dezineification were made indepen 


by two observers with the aid of magi 


l 


lenses and were recorded nS percentage 0 


wall thickness, after which the measurement 


converted into mils. In order to check the 


racy of this procedure the ck pth of dezineifir 


was measured directly on photographs ol 


verse sections enlarged 15 magnifications 


ment bye tween the LWwo me thods was excel 


The form and depth of dezincificati 
materials B, H, K, J, and Lo are shown in t 
The specimens of red brass F, and copper-1 
zine alloy G did not dezineify in any of the 
\ tranverse section of a typical dezincificc 
of a Muntz metal specimen removed from S| 


clay (soil 61) is shown in figure 6 


The microstructures ofa partially dezincifie 
tion of a leaded silicon brass specimen ret 


from the same soil is shown in figure 7 
From the extent of dezincification indicat 
the data of table 6, it is evident that the val 


weight loss and maximum penetration iy 


) 


table 5 mav be entirely misleading as measu 


the extent of deterioration of these materials 
the basis of the values for weight loss and max 
penetration, one micht conclude that nf 
low-copper alley is highly resistant to cor 


whereas data for dezincification might u 


actual failure If, for example, only the valu 


average and maximum = penetration tab 


bye low are considered. one would conclude 


Journal of Res 


ecare 


- 





41.2 
ould " 
\ * 1 M 
On « wy Cu nth ‘ Cu Cu 2.377 ¢ 
Dsio : ma, PI ‘ 
sore 
Hi I B 
hot 
Inve { M Ml , 
yf «it 
mn Vl ! Vl Vl 
hall : 
Nh. { 
» th: “ 
‘ZN 
verre ~ s 
; 
Ag 
' ‘ 
nt “ , 
air : 
cite . . 
Ot 
\ 
ell 
illo 
ti 
' 
he I ls Hoand K are equally resistant to corro- allovs being dezineified to some extent in most of 
ied § oil 5] However, when dezincification is the soils (table 6 The much greater dezincifica- 
S| tion of these alloys than of the single-phase alloy, 
Hl, was, of course, to be expected Although the 
surface of the specimens of the arsenic bearing 
“ 60-40 brass B, showed incipient dezineification 
Ks \l Vl after exposure for 2 yr, careful examination of the 
specimens of this material exposed for 7 and for 
at % vr indicated that this effect was entirely supet 
ul ficial 
tN Arsenical brasses normally exhibit good resist 
su { ed it is evident that the values fo ance to dezineification but occasionally they 
Is \} ] on define accurately the condition of iIndergo intergranular corrosion nm environments 
1X } IH] only, beeause material Ko has been other than soils [3 Specimens of arsenic-bearing 
Ci t dezincified. Similarly, the condition of brass B were carefully examined after exposure 
rr ] s J ana I. is indicated more accurately by and only in those that had been exposed to cinders 
ni 1 v for dezincification than for penetration at site 67 was intergranular corrosion observed 
lu } fication of the two-phase copper-zin ng. S 
D ; K and L, and the single-phase copper-zin Supertfic ial dezincifieation of arsenical brass B 
i ; vas fairly general. the specimens of these red brass F, and of the copper-zim nickel allov G 
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was reported in an earliet publication 1] to have 


been observed on specimens of these materials 
from all of the soils except 59 and 63 However, as 
the surfaces so affected have shown no tendency to 
increase in depth with time, it is questionable 
whether the term dezincification should be applied 
to what is, in effect, mere surface discoloration 

It is evident that dezincification of brasses in 
soils is influenced not only by alloy composition, 
but by the nature of the environment as well 
The occurrence and intensity of dezincification 
appear to be largely independent of the corrosive- 
ness of the soils as measured by weight loss and 


depth of pits. For 
Rifle peat 


example, in the corrosive 
soil 60 materials H, Kk, J, and lL, showed 
The fact that 


dezincification did not occur in this and in othe 


no evidence of dezineification 


soils high in sulfides, 59 and 63, shows that sulfides 
in high concentration act as inhibitors of dezine- 


ification 


VI. Soldered and Welded Joints in Copper 


Because lead tin solders are anodic to coppel 
It is heeessarv to consider the possibility of cal- 
vanic corrosion of the solder when soldered jomts 


Hiers 


galvanic action be- 


are used in underground construction 


[4] has reported that serious 
tween lead tin solders and copper pipe may take 
place in sea water During the soldering opera- 
tiona copper-tin alloy cathodic to copper may bye 
source of calvanic 


formed, providing thereby a 


! - 
corrosion Of the copper [o 


Fo study of the valvani action between coppet 
and sold rin soils short sections of copper tubing 
standard sweated 


were connected by Ineans of 


joints and soldered with 50-50 lead-tin solder 
The joint consisted of two 6-in. sections of tubing 
1', in. in diameter joined by a coupling 2'; in. in 
length Streamlined caps were used to close the 


ends Phe 


sweat fittings through one hole in each cap and 


exposed solder was applied to the 
two holes in the coupling 

Inspection ol thr soldered specimens from the 
14 test 


up to 14 vi 


sites alte periods rangin 


exposure for 


showed no indication of galvani« 


corrosion. of thre solder Neither Wis there C’ViI- 


ce nee that corrosion had penetrated into the solder 


to an appreciable extent In practically all of the 
soils to whi hy the specimens were exposed, il dense 


hard coating o1 filim of white eorrosion products 
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covered the entire surface of the ¢ xposed 
which was thereby protected from further 
sion. These results are in agreement with 
reported by Crampton [3] of tests of sweated 
made with various commercial solders wh 
posed for 2 yr to a saline solution maintai 


60°C The results also agree with those ob 


by Tracy |6] in 6-vr tests to determine the 
of hot circulating water, with and without ¢ 
dioxide, on solders of different composition 
An additional source of galvanic corros 
copper arises from the possibility that 
formed in welding operations may impart 
weld a potential that is cathodic to a pickled ¢ 
surface. Specimens for study of the eff 
welds on corrosion were prepared by joinit 
H-in. lengths of copper pipe, 1.5 in. in diat 


by means of a circumferential are weld 
welding rod was of the same nominal compe 


Neithe the depths of the max 


pits nor the distribution of corrosion on the 


as the pipe 
specimens after exposure for 14 vr (mater 
table 4 gave any indication of accelerated 


sion in the vicinity of the weld 


VII. Effect of Environment on the Corrosic 


of Copper 
The corrosion-time curves for copper at 
the « opper-silicon alloys that were used to 
the effect of alloy COMpositlon Ol COPrrosion 
indicate wide differences not only in the corr 
ness of the soils, but also in the progress ol 
sion with time. The corrosion rates of 
pitch copper © in soils 55 and 56 for exa 
differ widely ; but it is also noteworthy tI 
soil 55, corrosion practically ceased after a 
period of exposure, whereas in soil 56, it prov 
nearly in proportion to the duration of expe 
For study of the effect of environment o 
corrosion of copper, tough-pitch coppel ( 
oxidized copper A, and the copper silicon 
D and N were considered as behaving esse! 


alike. By combining weignt losses, express 


average penetration, for two specimens of ea 


these four materials, average values ol 


measurements were obtained for each soil fo 
of five periods of exposure. In the same m: 
values of maximum 


different 


average penetration 


obtained for thre exposure period 
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Cor 


to study the effect of environment in 


creater detail an equation of the form 


loved for expressing the relation between 
and time 


logarithms of both sides, 
log y log a n log 1 » 


ssing the logarithm of the pit cle pth us log 
ogarithm of the time as log 77, 


pl as log f 
P og k-+-n log 7 


lar substitutions, a linear equation ex 
the relation between ave rage penetration 


was obtained 


slopes of these equations are given by the 


snand uw. The y-intercepts, log & and 
signify the logarithm of the maximum and 
penetration at l vr, respec tively Thes 
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and the 


were derived Logan, 


Martin [S] to 


equations originally by 


Ewing, and Denison [7] and by 
express, respectively, the progress with time of the 
pitting and weight loss of ferrous materials 'n soils 
The equations have recently been employed in 
studying the effect of environment on the corro 
sion of ferrous metals in soils and in comparing the 
different 


Ty pical 


corrodibility — of ferrous metals and 


alloys [2 average penetration- and 


maximum penetration time curves for copper on 
shown in figure 9 


logarithmic coordinates are 


In table 7 are shown values for maximum and 
nverage 


and }, 


standard 


14 vr, computed by eq 
The 
computed 


Ezekiel [9] are 


penetration at 


and for the respective constants 


errors of these constants 


according to the method of also 


The 


order of increasing values of the constant 1 


civen arrangement of the data is in the 


In rating the soils in the order of corrosiveness, 
it is obviously necessary to consider not only the 
values of average and maximum penetration at 
14 vr, but also the progress of corrosion with time 
the values of the constants w and 
although the 


mum penetration of copper at 14 vr in soils 5S and 


us Meuse dl by 


For example, average and maxi- 


64 is roughly the same the values of the constants 
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vu and nv for soil 64, namely 0.67 and 0.29, re- 


spectively, indicate decreasing rates of corrosion 
with time; whereas the corresponding values of 
these constants for soil 58, namely, 1.52 and 1.02, 
respectively, indicate rates of corrosion at least 
proportional to time. On the basis of inherent 
COTTOSILN itv, is indicated by values of average and 
maximum penetration at 1 yr (4’=-0.09 mils, 
kk -1.28 mils 
corrosive Of any of the soils with respect to both 


weight loss and pitting. 


~soil 58 would be considered the least 


However, because the 
rate of corrosion in this soil was continuously 
maintained over the period of the test the total 
corrosion at the end of 14 yr was exceeded by only 
three soils, 60, 63, and 67. 

Comparison of the values of the constant u with 
the aeration of the soils indicates that the rate of 
tended to decrease most 


average penetration 


rapidly in the better aerated soils However, 


the fact that the values of w are small in two 


poorly aerated soils, 51 and 59, indicates that 
abundance of oxygen is not the sole factor that 
tends to diminish the rate of average penetration 
of copper in soils. Deposits of difficultly soluble 
salts on copper would be expected to have a similar 
effect 


The conditions that have the most corrosive 


action on copper are cinders (soil 67) sulfides 
soils 60 and 63), and those factors that prevent 
the formation of protective films, such as carbon 
dioxide in excess, and high concentrations of hy- 
drogen ions (soils 58 and 60 High concentra- 
tions of chloride are also corrosive to copper 
(soil 64 

It was previously stated that the smooth ap- 
pearance of the specimens from many of the soils 
unlike iron and 


gave the impression that copper, 


steel, tended to corrode uniformly (fig > lLlow- 
ever, the values of the ratios of the maximum to 
recorded 


the average penetration (pitting factor 


in table 7 indicate an even greater tendency for 
copper to corrode locally in certain soils than plain 


irons and steels 
VIII. Zinc 


The corrosion of zine is illustrated by photo- 
graphs ol specimens of rolled zine exposed at the 
test sites for 11 vr (fig. 10 Weight losses and 


maximum depths of pitting of both rol 
die-casting zine are recorded in table 8. M 
in terms of loss in weight, there is no sig 
difference in the corrosion of the two \ al 
zinc. However, Maximum penetration o 
zine was definitely less than die-castir 
except in soil 65, and in those soils in whi 
materials failed or in which the differences 
small to be considered significant 

For study of the effect of soil properties 
corrosion of zine, values for average and m: 
penetration of rolled zine at 11 vr were ca 
by means of the equation previously used i 


ing the corrosion of copper. The constant: 


equation, which is linear on logarithmic « 


ates, were computed by the method « 


squares. Values of the constants k’(/) a1 
representing the y-intercept and the slop 
spectively, are recorded in table 9. The a 
ment is in the order of decreasing averag 
tration at 11 yr. Beeause of the severe c 
of the zine specimens in cinders, values 
67 could not be computed 

The poorly and very poorly aerated so 
as a class, corrosive to zinc, although high a 
penetration is not necessarily associated w 
pitting, as in soil 51. Soils of fair to good a 
containing high concentrations of chlorid 
sulfates induce relatively deep pitting (| 
and 66 A probable explanation for this 
erated pitting is that soluble salts diminish 
polarization. The rather severe corrosion 
70 is to be attributed to the highly alkaline 1 
pli 9.4 


The effect of soil reaction 


of this soil as well as to its cont 
soluble salts 
corrosion of zine is further indicated by tl 
large values for average and maximum pen 
in soil 60 pli 2.6 

The values of the constants uw and 7 
range between approximately zero and unit 
cate that corrosion of zine may vary bet 
How: 


‘ 


there is no correlation between the const 


linear rate and complete cessation 


kk) and u(n), a linear rate of corrosion w 
result in severe corrosion unless the initial 
corrosion is also high No consistent varia 
the constants with soil properties is indica 


the data 
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IX. Lead 


Photographs ol specimens ol lead after exposure 
for 11 vr are shown in figure 1] The losses in 
weight and depths of maximum pitting of fou 
varieties of lead are given in table 10 These 
data show fairly conclusively that neither the 
common impurities of lead, namely, copper and 
bismuth, nor the hardening agents, antimony and 
tellurium, have had any effect on its corrosion 
The conclusion that these Impurities and alloving 
constituents are without significant effect in the 


eorrosion of lead 


soils was drawn previously by 


\RLI 10 


Jurns [10] from the results of field tests of 


variety of lead alloys in five typical soils of ] 


The results of the present series of field tes 
be considered to extend considerably the 1 
soil conditions to which the conclusions o 
apply 

Because of the similarity in behavior 
alloys (). a. and B. COrTroOsiIOn data for a 
SIX specimens were averaged in. obtaini 
values reeorded in table 11 The val 
average and maximum penetration at 1] 
the constants /’, hk, u. and n were comp 


des ribed hh the section on coppel 
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Ton 


al 


Cu 





for maximum penetration to 


creasing aeration of the = soil 
seen to apply to plain irens and 
the present paper to coppel and 

be observed in table 11 In fact 
tendency for maximum penetra- 
decrease with Increasing aeration is 
the data Th exceptions to this 
amely, the low corrosion rates for soils 


readily explained as being duc 


ve effect of sulfates in high concen 


that severe corrosion of lead 
likewise high in sulfates, does 
aken this explanation, becauss 
concentrations less than that re 
vation tend to accelerate the corro 
The partially inhibitive effect 
chloride, and sulfate ions is indi- 
the data for the vroup of alkaline soils 
o good aeration, 64, 65, 66, and 70 In 
their high contents of soluble salts these 
class are a tually less corrosive than soils 
aeration, Which are low in soluble salts 
soils 53, 55, and 62 
arison of the values of the constants 
dicates that in general the rate of pitting 
decreases considerably more rapidly than 
In fact 


Ol average penetration except 
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ol i] indicate 


Corrosion 


several of the poorly aerated soils, the values 


virtually complet cessation of 


pitting during the 1ll-vr exposure period. It ts 
reasonable to attribute this marked reduction in 
the rate of pitting to anode polarization which 
resulted from the deposition of difficult) solubl 
products in close proximity to. the 


nnodic areas 


X. Comparison of the Corrosion of Ferrous 


and Nonferrous Metals 


Because copper, Zin and lead togethe with 
iron and steel are the metals most commonly used 
for underground construction, a comparison of the 
corrosion resistances of these me tals forms a basis 
for selecting materials according to their suitability 


Although 


uv mater al 


for specific environmental conditions 
“ine is not ordinarily considered to be 
of construction, it is desirable to include it in the 
present study because of the extensive use of zing 
underground as a protective coating for iron and 
steel and as an anode for cathodi protection 
For the purpose of comparing the corrosion re 
sistances of the four metals, the soils were grouped 


into four environments, as follows 1) well 


aerated, acid soils low in soluble salts, 53 


2 poorly aerated soils (51, 56. 5S. 61 





alkaline soils high in soluble salts (64, 65, 66, 70 
and (4) soils high in sulfides (59, 60, 63 In 
figure 12, corrosion time curves for soils typical 
of these environments are shown 

For study of the comparative behavior of copper, 
lead and zine in the 14 soils, the average and 
maximum penetration of each metal were plotted 
12 Kach 


point in the curves for copper is the average of a 


against the duration of exposure fig 


total of eight measurements, made on specimens of 


four varieties of coppel and copper-sili on alloys. 
For zine, each point is the average of two measure- 
ments made on the specimen of rolled zine, and 
for lead, each pomnt is the average of a total of 
SIX Measurements, made on three varieties of lead 
Kor Cie hy soil eorrosion-time curves are also shown 
to illustrate the average behavior of steel and 
other wrought ferrous metals that corroded at the 
same rate as steel in these soils Kach pomnt on 
these curves is the average of a total of eight 
measurements made on specimens of carbon 
steel, mechanically puddled wrought tron, hand- 
puddled wrought iron, and copper molybdenum 
open hearth tron Data on the corrosion of these 
ferrous materials were given in a previous paper 
) 


In all of the 


except Rith pe nt 


soils represented in figure 12, 


soil 60), the ferrous materials 
are seen to be corroded at considerably higher 
However, 


pH 2.6 


resistivity 218 ohm- 


rates than any of the other metals 

because of its poor aeration, high acidity 
high content of soluble salts 
em), and because of the presence of sulfides, none 
of the materials under consideration with the 
exception of lead would be expected to withstand 
for a long period the corrosive action of this soil 
Even a heavy zine coating on steel would probably 
protect for a short period only because of corrosion 
of the zine by local action. The inhibitive effect 
of high concentrations of sulfates on the corrosion 
of lead 


been previously referred to 


indicated in the curves for soil 60, has 


The curves for soil 64 illustrate the corrosive 
effect of high concentrations of chlorides on iron, 
copper, and zine, and the passifving action of 
chlorides on lead 

The curves for soils 53 and 56 indicate in a 
ceneral way the progress of corrosion in. well 
aerated soils low in soluble salts and in poorly 
aerated soils. With longer periods of exposure, 


the rates of average and maximum penetration fot 
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iron and steel decrease rapidly with time 
well aerated soil 53 but in the poorly 
soil (56) average and maximum penetratio 
proportional to the length of exposure Su 
the curves for maximum penetration of th 
materials show a much greater tendene, 
crease with time in the well aerated soil 

such conditions, ordinary wrought ferrous 
ol reasonable thickness would be exper 


prov ide long service 


XI. Summary 


This report contains the results of measur 
of corrosion made on specimens of coppel 
and zine, and of alloys of these metals exp 
different soil conditions for periods up to 
With respect to weight loss, tough pitch 
was generally more resistant than deonidiz 
per and the copper-silicon alloys except 
high in sulfides. However, in a number 
soils, the maximum depths of pits on toug! 
copper were greater than those on one or 1 
these materials 

The loss in weight of the copper-zine and « 
nickel-zine alloys was approximately in thi 
of increasing zine content, exce pt in soils | 
sulfides in which the reverse order was fo 
Admiralty metal (70% of Cu, 29° of Zn 
Sn) showed the greatest tendency toward lo 
corrosion of any of the copper-zine alloy 
though a two-phase leaded silicon brass (| 
Cu, 31% of Zn, 1° of Si, and 0.8°7 of Pb 
the least tendency to develop deep pits, th 
was dezincified in many of the soils. A 
phase copper-zine alloys were dezincified to 
extent In most of the soils, except a 60 1) 
contamimg 0.08 percent of arsenic, which s 
only superficial discoloration. The pres 
arsenic did, however, induce intergranula 
sion in the specimens exposed to cinders 

No differences were observed in the corro 
chemical lead, antimonial lead, and telluriut 


vreater ma 


\ die-casting Zine alloy had 
pit depths than rolled zine, but there 
significant difference in weight loss 

In general copper, Zine, and lead, and a 
these metals were corroded most severely in 
aerated soils, particularly, in soils that wert 
acid or that contained high concentraty 


soluble salts Copper was corroded in so 
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Mass Spectra of Nonanes 


}. Fred L. Mohler, Laura Williamson, C. Edward Wise, Edmund J. Wells, Helen M. 
Dean, and Evelyn G. Bloom 


Mass spectra of the 35 nonanes have been measured with a Consolidated mass speetrom- 
eter Sensitivity (current per unit pressure) at the maximum peak relative to n-butane 
and total ionization relative to n-butane are given, as well as relative intensities for 1S mass 
peaks 

Rel: het veil a P tre 4 ly } , 

telations between molecular structure and mass spectra are similar to those found in 


hter saturated hvdrocarbonus Some genera 


relations between mass spectra and molecular 


structure of saturated hydrocarbons are given, but these are not sufficient to deduce the 
icture uniquely from the speetrum The analvsis of mixtures of nonanes will, in general, 
be impossible unless the sample is a cut containing comparatively few components 
I. Introduction the diaphragm displacement Was measured elec- 
s spectra of the 35 nonanes have been trically [3] API tables of serial numbers less than 
red by the Mass Spectrometry Section of 250 gave sensitivities measured by the conventional 
Mis Bureau as part of the program of measuring method of measuring pressure in a small volume by 
: a mercury manometer and then expanding the va- 
ss spectra of pure hvdrocarbons All but one oes 
st clra have been yublished in detail inh the — — the gee This leads 46 large oss 
‘ Cather a Sis * sanroe Data [1J.. This for compounds like the nonanes, which have low 
, ; vapor pressures. A correction page has been 
sa summary of the main features of the subliched in the APE Catales {11 

| \ nh pe oon pene ae cage 7 Thirteen of the ee ae N BS Standard 
, lie geliee aiks "apna ringra amg om Samples of purity 99.8 percent or better. We are 
} ae < ah iii s . the te — indebted to several laboratories for samples of the 
ee es — sat — oe die other nonanes. Sixteen were prepared under the 
; erg eager asi — gr np grin direction of Newell C. Cook of Pennsylvania State 
pony See a pr a 4 Collewe. three were prepared by rank I. Haws 
Soatifieation 2 CGA ard of the Engine Fuel Section of the National 
vaasene Bureau of Standards, and three were supplied by 
II. Experimental Procedure F. D. Rossini of the Thermochemistry and Hydro- 
carbon Section of the Bureau Most of these 
s spectra have been obtained with a 180 samples were considered to be pure compounds of 
idated mass spectrometer equipped with purity estimated to be about 99 percent In most 
atic control of the electron current and of cases, the mass spectrometer showed no detectable 
nperature of the ionization chamber. Stand- impurities other than nonanes. A few showed in- 
i ocedures have been followed, except for the significant traces of olefins and one compound, 
I d of measuring the vapor pressure in the gas 2,2-dimethylheptane, contained a rather large 
oir used to compute the sensitivity (current amount of v-octane. Data for this compound are 

1b pressure This pressure was measured considered inaccurate and provisional 
iaphragm-type of micromanometer in which Mass spectra have been measured with both 
es 50-v and 70-v ionizing voltage, but only measure- 
. ments at 70-v are given inthis paper. Intensities 
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ure given relative to the MANINUM pe ak equal to 


100, and the limit of sensitivity is about 0.01 on 


this seal The sensitivity at the maximum peak 


Is meusured mn terms of current om arbitrary units 
per unit: pressure in the reservoir On the same 
dav the sensitivitv. to n-butane at mess 435 Is 


measured ratio of 


The the the 


maximum peak to the n-butane sensitivity is a 


SensitivitV at 


molecular property independent of the arbitrary 
units used 


These 


of about a en 


spectra have been obtained over a period 


and time the 
245° © 


spec tra 


during most of the 


ionization chamber was thermostated at 


Nine 


at the higher temperature {1 


For a few months it was at 275° C 


were Trrensured 


III. Results 


Table l gives thre SCTISILLVITN rel tive to n-butane 


and the total ionization relative to n-butane for 
the Honahes ( olumn l vives an index number 
for cross reference to table 2. Column 2 is the 
name of the compound, column 3 gives the m <¢ 
value of the maximum peak, column 4 gives the 


sensitivity relative 5 is the 


mass peaks in the spectrum, column 


to n-butane, column 
sum of all the 
6 is the product of column 4 and column 5 divided 
The 
last column gives the serial number of the mass 
API Catalog 

the nonanes have the maximum 
and the other half have the 
Values for the sensitivity and for the 


by 312 (the sum of the peaks in n-butane 


spectrum in thy 

About half ol 
peak at mass 4 TnaXti- 
mum at 57 


the 


range of values with high sensitivity associated 


sum ofl 


Hwss peaks Covel about al two-fold 


with a small value for the sum and vice versa 


The product of the two ts not constant but has a 


much smaller range of values. The mean value of 


total ionization relative to n-butane is” 1.94 
0.15. This is to be compared with values 1.82 
0.05 for the oectanes and 1.68 0.04 for the 

heptanes. The values for octanes and heptanes 


have been remeasured using a 


the 


Micromanometel 


>] 


and values for octanes -| are 


published 
seriously in erro! 

Table 2 lists the peak heights of 1S mass peaks 
in the spectra of the 35 nonanes It includes all 
the peaks that are large 
Asterisks 


obtained by 


or distinctive in all the 


spectra mark peaks that cannot be 


simple dissociation and involve i 


rearrangement of atoms in the ionivation process 
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Compounds are indicated by a skeleton sti 


formula in which all hydrogen atoms are ot 


The reference number corresponds to t: 
which gives the names of the compoun 
compound 12 the peak 57° is given as 


This is to conform to a formal rule that in tl 
tables the maximum peak at 50 v is 100 
happens that in this ease 57° is less than 
50 \ 

Values of the parent ion peak at 128* rang 


6.4 The 
compound has by far the largest parent tot 


to 0 with 16 values 0.05 or less 


always true in the paraffin series. Sixteen 


17 compounds with two side chains on a 


atom account for all the values of 0.05 « 
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TABLE 2 Vass spectra of nonanes at ) 
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2,2-dimethylheptane, is an 


Cc ind No. 7, 


a) { 
3 int as It Was Impure. 


exception, but this is probably not 
13* peak has values ranging from 8 to 


h about half of the values less than 0.8 


s no obvious correlation with structure 


that 10 compounds with ethyl side chains 


mall 113° peaks with an average value of 

S percent 

The 99° peak has a range of values from 19.1 
t th about half the values less than 1. As in 
t! se of the 85° peak of the octanes, this peak 
i o be large when there is an ethyl side chain 
or an ethyl terminal radical attached to a carbon 
a vith aside chain. In 14 compounds without 
i al ethyl radicals (excluding n-nonane 
} - range from 1.42 to 0 with an average value 
of 02s. In six of these cases production of 99° 
jivolves a rearrangement of atoms, and the values 
of 99° range from 0.2 to 0. Of the 20 compounds 
with ethyl radicals, four (21, 24, 29, and 31) have 
small values of 99*, and other values are in the 

2.4 to 19.1 

In saturated hydrocarbons, ionization with 
} ng of a earbon bond and without further 
dissociation usually gives the largest peaks, and 
exceptions afford a distinctive feature that is 
useful in the identification of — compounds 
Nonanes 3, 4, 5, 6, and 35 have a 98* peak, which 
js larger than the 99* peak. In the last case both 
peaks are very small, but in the first four com- 
pounds this peak ts a distinctive feature. 


lhe complementary process to loss of an ethyl! 
] ito give 9Y" Is the production of the ethyl 
0°. The 29 peak has a range of values from 
to 8.44, and there is a rough correlation 
n the height of 29° and 99° 


less than 1 give a 29 


seventeen 
compounds with 99 peak 
from 8.4 to 25 with a mean value of IS. 
S compounds in which 99° is greater than 1 
29° ranges from 17.8 to 50.5 with a mean 

of 30 
S5* peak has a range of values from 70 to 
th about half of the values less than 2.5 
the case of the 71 peak of the octanes, the 
of the 85 peak depends on whether or not 
ire isopropyl terminal radicals or n-propyl! 
il radicals attached to carbon atoms with 
hams Of the 13 


i! propyl radicals, all except n-nonane have 


compounds without 


less than 2.5. This includes seven com- 
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pounds in which production of 85° involves a 


rearrangement of atoms. Of the 22 compounds 
with terminal propyl radicals, four have small 85 
peaks, and the others have peaks ranging from 4 
to 70 percent. 

, but in 


In five compounds 84° is larger than 85 


two of these the peaks are very small. 84° is 
» 


distinctive in 2,3-dimethylheptane and in 2- 


methvl-3-ethvlhexane. It is of interest that in the 
octanes the compounds 2,3-dimethylhexane and 2- 
methyl-3-ethylpentane have a 70 peak larger than 
71*. Also, the heptane, 2,3-dimethylpentane has 
56° larger than 57 As all these molecules lose 
mass 44 in preference to 43, it is evident that the 
radical (the only common 


terminal isopropyl 


structural unit) must be removed with an addi- 
tional hydrogen atom 
The complementary process to production of 85 


is the production of 48 There is a correlation 
between the size of the two peaks, but there are 
many exceptions. 43° is the maximum peak in 
half of the nonanes, and the smallest value is 7.66 
It is 100 in 14 of the compounds with terminal 
propyl radicals and in three other compounds. In 
one of these, No. 27, production of 43° and 85 
involves a rearrangement of atoms 

71* has a range of values from 90 to 1.84 with 
about half of the values less than 14. In nine cases 
rearrangement of atoms is required to give 71° 
and these values range from 10.6 to 1.84 with a 
mean value of 5.7. In 26 cases where 71° is per- 
34, have values 
for the 


Four molecules with the 


mitted, only two, No. 3 and No 
less than 10.6, and the mean value of 71 
26 compounds is 26.5 


terminal radical, 


C 
COCO 
C 

give the four largest 71° peaks 


70° is larger than 71* in four compounds, 


3-ethvlheptane, 4-ethvlheptane, 3,4-dimethvlhep- 
3-methyl-4-ethvlhexane, and in’ the 
The 


haNXinuMm 


tane, and 
last two cases it is large and distinctive 


octane, 3,4-dimethyvlhexane, gives a 
peak at 56° In an ionization process similar to 
production of 70° in 3,4-dimethylheptane 
The ion 57° is the maximum peak in 1S of the 
nonanes, and in three of these, 18, 28, and 30, it 


no correlation in size between AY 


requires a rearrangement to give 57 


seems to be 
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peak 71 Thus, for 


butvl 


and the complementary 


molecules with a tertiary radical, 57° is 


by far the largest peak, and 71 Is Ih Most cases 


less than the average height 
Grouping of similar spectra is important in any 


attempt to analvze mixtures of nonanes. Eight 


compounds No. 7, 20, 21, 22, 29, 32, 33, and 34 
with terminal tertiary butyl radicals give similar 


sper tra These Spe tra closely resemble the Oc- 


tanes with tertiarv butvl radicals. There are 


some differences to distinguish these nonanes 


Compounds 20 and 29 have larger 56° peaks, and 


in compound 33, 43%, 56°, and 85° are larger, 
while in compound 32, 43°, 71°, and 99° are larget 
seven compounds No. 9, 15, 16, 23, 25, 31, 


and 35-—-with terminal propyl radicals at both 
ends, give similar spectra characterized by a large 
Another of 
these compounds, No. 11, differs by having a large 


S5 weak with all heavier ions small 


113* peak and a small 85 peak 
Compounds 12, 26, and 27 have similar spectra 


with peaks 43°, 57°, and 71° all of nearly maxi- 
mum intensity These are molecules with a 
terminal radical 
C 
6%} 
C 
One other molecule, 2,2,5,3-tetramethylpentane 


consists of this radical and a tertiary butyl radical, 
and the spectrum combines characteristics of both 
radicals with 71> of intermediate height 

It is to be emphasized that compounds in these 
have similar but far 


groups spectra that are 


from identical, and. with a few possible excep- 


tions, each spectrum has distinetive character- 


istics that would serve to identify the compound 


when it is nearly pure 
IV. Conclusions 


\lass Spee tra have been published lor all Isomers 
of paraffins with nine or less carbon atoms, and it 
is of interest to summarize some general rules 
relating spectra of paraffins to molecular structure 

1. The normal molecule gives the largest parent 
peak 


» <All compounds with two side chains on a 


carbon atom give very small parent peaks (0.05 


ol le Ss 
». The 


commonly involve 


host probable dissociation processes 


breaking a carbon bond with- 
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out further dissociation, but there are a nu 
Often 


molecules with a common structural unit nv 


these 





exceptions exceptions on 


Thus, molecules containing a terminal 


cc? 
CC 0 
lose mass 44 in preference to mass 43 
t. Nonanes and octanes with a termi 
tiary butyl radical have similar spectra w 
by far the largest peak 
5. In molecules with terminal ethyl on | 
radicals, loss of these radicals is relativel 
able 
6. Peaks involving rearrangements are 
eral, small with many exceptions for 45 
but not for other peaks 


7. Either 43° or 57° is the maximum p 


paraflins with more than three carbon 


The only clear exception is the octame 
methylhexane, which has a maximum peak 
but in 2.5-dimethvipentane, ob and 4 
essentially equal 

S. The total ionization relative to n-bu 
roughly constant for isomers and increas 
increasing molecular weight 

Rules 4 and 


terminal butyl radical the rest of the st 


5 often confhet, for if the 


does not influence the spectrum appre 


1 


This accounts for some of the instances 


above where nonanes with terminal eth 


yropvl radicals have small 99° and S5 
prop: 


There are other unrecognized factors tl 
fluence the spectrum, and the rules are no 
clent to deduce the structure from the ol 
spectrum 

It will be a long time before mass spect! 
the decanes have been measured, but spe 
paraffins with 10 or more carbon atoms 
measured, and such spectra cah give ine 
information about the structure of pur 
pounds of doubtful structure 

The analvsis of mixtures of nonanes 
general, be difficult or impossible unless the 
is a narrow cut containing comparatively ft 
pounds. The practical experience in’ an 
mixtures of octanes [4] will be directly app 
to notwnhe analysis In a complicated THIN 


would be necessary to analyze for group 


similar spectra as a group using an averag 
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Ma 








mparable difficulties will be encountered 


wthod of analysis because of the 
t iomers 
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Syntheses and Properties of Two Olefins, Six Paraffins, 
and Their Intermediates 
Thomas W. Mears, Abraham Fookson, Philip Pomerantz, Edwin H. Rich, Cecil S. 
Dussinger, and Frank L. Howard 


As a part of a study of the desirability of certain hvdrocarbor tvpes as jet fuel com 





ponents, eight aliphatic hydrocarbons have been prepared and _ purified. This report 
lescribes their syntheses and those of several intermediates Physical constants wer 
easured on the high purity products. 
I. Introduction lated In this manner the condenser could be 
; , made to act as a reflux condenser, a dephlegmating 
|) ¢ the last few vears, the advent of reaction : ne : 
; column, or a ‘voose neck for distillation Re- 


has presented new fuel problems; one : 
: agents were added to the kettles by means of 
these problems has been the study of the G : 
a 5-gal glass-lined steel addition vessels and the 
s of fuel components The work de- , 
rate of addition controlled by means of a heoprene 
erein is part ofa project sponsored by the oan 5 
: compression valve. The reactions were. stirred 

Advisory Committee for Aeronautics at : 
by means of either a slow -speed anchor ty pe stirrer 





\ oO al B r {Sty hs Is | th certs 
\ hal bureau o tandaras, in which certain 
or by a high-speed Hastelloy propeller stirret 
rbons are prepared in high purity for tests Ty | . 
. . : 1 Kettles Were arranged so that reaction prod- 
NACA Flight) Propulsion Research Lab- | 
7 nn . ucts could be distilled either from one to the other 
Cleveland The tests were selected ; e 
or into a 15-gal double-walled copper receiving 
to provide data regarding the desirability 
. vessel Small-scale reactions were carried out in 
hydrocarbon structures in jet) engine H 
2 ; 5-liter class flasks or 14-liter brass kettles 
This report deseribes the preparation and 
on ol eight hydrocarbons Common : 
' 2. Dehydration Apparatus 
constants are given fol these hydrocarbons 
si veral intermediate compounds synthe- The dehyvdrations of the carbinols were carried 
ise in their preparation. The methods out in the vapor phase, using aluminum oxide 
determination ol physical constants are catalyst, at 400° C in the case of primary alcohols. 
an appendix at the end of the paper and at 300°C in the ease of secondary and tertiary 
alcohols. The aluminum oxide was contained 
II. Apparatus se 
in a stainless steel tube, 2 in. in diameter and 3.75 
1. Reaction Vessels ft long. This tube was placed in a furnace made 
ajority of the reactions were carried out by winding 35 ft of nichrome wire (1 ohm/ft 
Q-cal commercial kettles, one constructed around a 3.25 ft length of 2-in. pipe. The temp- 
ss steel and the other ol olass-lined steel, erature Was regulated by means of i variable 
ttles were double-walled and arranged so transformer and measured by means of a thermo- 
im or water could be circulated between couple in a well embedded in the alumina. The 
to muintain the reaction at any tempera- products of reaction were condensed in a copper 
5° to 150° CC. The kettles were fitted tube condenser after leaving the reaction zone 
ss-lined steel condensers and arranged so Flow of material to the apparatus was governed 
acket water temperature could be regu- by use of a modified automobile carburetor as a 
nthoses of Hydrocarbons 299 

















constant level device. To construct this appa- 
ratus, the carburetor was disassembled and all 
Then 


a copper tube line was installed between the float- 


openings for special jets and pumps closed 


operated needle valve and u reservou placed about 


12 in. above the carburetor. A large separatory 


funnel (1-liter or 3-liter) served well as a reservoir 
The float chamber cover contained a hole for pres- 
which was 


sure equalization breather hole 


retained in the final set up Product delivery to 
the furnace was effected by means of a copper 
tube from the float 
tube 


bow! outlet to the furnace 
A small, brass needle valve was installed 
in this line to regulate rate of flow By means of 


this apparatus a constant-rate flow has been 
maintained for periods of several days during 
which no adjustments were hecessary 

This same apparatus has been found to work 
In this 
case a line connected the top of the reservolr, the 


breather hole 


well in reduced pressure 


experiments 
float bowl cover , and the furnace 
tube. This line served to equalize the pressure 


in the three units of the system 


3. Hydrogenators 


Hydrogenation of olefins was accomplished in 
high-pressure hydrogenators of the type described 
by Adkins [1].' 


were used Use 


Bombs of 3- and 20-liter capacity 
of commercial nickel-on-kiesel- 
guhr catalyst gave no difficulty in any of the hydro- 
1,500 


renations, the extreme conditions being 


lb/in.? pressure and a temperature of 160° C 


4. Stills 


All the stills used in these preparations have 
been previously described [6j. For convenience 


the salient features of each are listed in table 1. 


brackets indicate the literature references at the end of tl 


III. Methods and Technique 
1. Preparation of Grignard Reagents 


The preparation of Grignard reagents 


quantities (up to 300 moles) has been 


reported [6]. In the present syntheses ; 
less general procedure for the preparat 
pling, and hydrolysis of the Grignard rea 
This 


using the n-butyl magnesium chloride sy 


used general synthesis is giver 


of 5-nonanol as an example (see sec. 1\ 
2. Determination of Physical Properties 


The apparatus and technique for th 
nation of the freezing point, boiling poi 
tive index, and density are describe 


appendix. The final products (paraffi 


carbons) were filtered through silica 
measurement of physical properties 
cal properties of the best sample ar 
table 2 

The method for determining the qualit 
distilled sample and the criteria for the 
of these samples has been to plot the bo 
and refractive index against the volum 
and to regard fractions comprising the 
teaus’”’ as pure substances.  Freezii 
spotted at intervals along these platea 
finding the purest sample for physical | 


Recently this method has been suppler 


the use of the difference in refractive in 
sample in relation to an arbitrarily s 
erence sample. This property has beet 
by means of a Rayleigh interferomet: 
been found to be as sensitive to the pu 
sample as the freezing point and in s 
This method takes co 
less time than the freezing point det: 


more sensitive. 


and therefore can be applied to ever 





nthese 


nly helps to find the best fraction but 


fies certain isolated “poor” fractions 


onal freezing points might overlook. 
vantage of the interferometer is that it 
ritical study of the distillation of sub- 


freeze with difficulty or not at all 


IV. Preparation of Materials 


1. n-Nonane 


e was prepared in three steps: (a 
formate was reacted with n-butylmagne- 
hioride to yield 5-nonanol; (b) 5-nonanol 
hydrated to give a mixture of nonenes; (c 
ij nonenes were hydrogenated to n-nonane. 
ol. 5-nonanol was prepared by means 


modification of the preparation given in 
Syntheses [8] 


(6.08 kg, 250 ¢ atoms 


nesium turnings 
Jaced in the reactor and covered with 16 
ether To this was added about a liter of 


The 


was allowed to stand without stirring for 


vl chloride and a few crystals of iodine 
hr, while the reaction started. During 
2 hr approximately 6 kg of n-butyl chlo- 
vas added while the reaction mixture was 


and cooled The reaction was then diluted 


raBLeE 2 Physical p 
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rlies of compo inds 


with 48 liters of ether and the remainder of the 
A total of 25.8 kg (278 
moles) of n-butyl chloride was added over a 


n-butyl chloride added 
period of 6% hr. The apparent excess of n-butyl 
chloride was to compensate for material lost 
through the condenser during the initial stages of 
the reaction. 

To the Grignard reagent was added 7.5 kg (125 
moles) of methyl formate in 16 liters of ether. 
The rate of addition was rapid enough to main- 
tain a brisk reflux and addition was completed in 
5 hr. The reaction mixture became so thick that 
it Was necessary to add 30 liters of ether and work 
the reaction mixture with a wooden paddle in order 
to loosen the stirrer 

The mixture was hydrolyzed with 18 liters of 
water followed by 75 liters of 18-percent sulfuric 
acid. During this time any ether that volatilized 
was allowed to distill off and was collected A 
large quantity of magnesium sulfate settled out, 
and the major portion of the aqueous layer 
saturated with magnesium sulfate was siphoned 
off. An additional 35 liters of water was added to 
the mixture in the original kettle to bring the 
magnesium sulfate into solution and 50 liters of 
ether removed by distillation. The magnesium 
sulfate solution was siphoned off leaving the crude 


pre pared 


Densit 


( n? 1 per °¢ 


) OOOTSI 0. 000472 
OOO771 7 i 000456 
OO0404 
OO0484 


000496 


OOO45D 


000g 
00008 


0008 1 





carbinol. The magnesium sulfate solutions were 
combined and extracted with 24 liters of distilled 
The ether 


extract was added to the bulk of the crude carbinol 


ether to recover any dissolved carbinol. 


in the original kettle and the ether removed by 
distillation. The crude carbinol was refluxed with 
130 liters of 15-percent potassium hvdroxide and 
A total of 


18.5 liters of crude carbinol was obtained 


finally removed by steam distillation 


The crude organic material was fractionated at 
130 mm H¢g in column 25. From this distillation 
there was isolated methyl valerate, bp 74° to 79 
C, nz 1.4003, 0.78 kg; n-amyl alcohol, bp 92° to 
94° C, n; 1.4101, 0.24 kg; and 5-nonanol, bp 133 
to 138° C 


10.82 kg. This represents a 60-percent 


vield of 5-nonanol. A charge of the crude organic 
material was fractionated in column 8, and the 
results of this distillation are shown in figure | 
Cut A represents the methyl valerate, Cut B, 
n-amyl alcohol, and Cut C, 5-nonanol. 
Nonenes. The dehydration of 5-nonanol was 
accomplished using aluminum oxide catalyst at 


285° to 325° C From 6.54 kg (45.3 moles) of 
5-nonanol there was obtained 656 ml of water 
80%) and about 7.75 liters of organic material 
The organic materia! was distilled in column 22 to 
give 5.06 kg (40.2 moles) of nonenes, bp 140° to 
150° C. This represents 88 percent dehydration 
on the basis of carbinol used. 

A charge of 2,350 ml of nonene was fractionated 
in column 20 in an attempt to obtain high-purity 
samples for physical properties. The greater part 
of the olefin boiled at 148° to 149° C (uncorrected 


but the refractive index (n - dropped steadily from 
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Figure 2 Distillation of n-nonane 


1.4207 to 1.4199. This is to be expected s 
boiling points of the geometric isomers 
4-nonene and 3-nonene are very close toge' 
n-Nonane The mixed nonenes (4.40 
moles) were hydrogenated in the 20-lite: 
genator using nickel-on-kieselguhr catalyst 
to 160° C 
From this operation there was obtained 4 


The initial pressure was 1,35! 
(31.8 moles) of n-nonane. This corresponds 
91-percent vield. 

The crude n-nonane was distilled in two s 
charges in column 19. The results for on 
are shown in figure 2. Here the usefulness 
interferometer is apparent, showing thy 
purity of the samples immediately following 
point at which the still was accidently tur 
Portion B was collected as n-nonane, bp 


n” 1.4052-53. 


D The purified material fron 
runs was combined to give 2.38 kg of 
fp —53.528° C 


approximately 99.9 mole 


This corresponds to a pu 
percent 1D 
addition, a sample of the purest mat 
reserved for the measurement of 
constants. 


2. 2-Methyloctane 


This nonane was prepared by the co 


n-amylmagnesium chloride and methally 


followed by hydrogenation of the 
2-methyl-l-octene. 
2-Methyl-1-octe ne. 


was prepared from 20 kg (188 moles 


n-Amylmagnesiun 





ul 4.52 kg (188 g atom) of magnesium 
iters of ether as solvent in the same 
s described in the preparation of 5- 
The methally1 chloride was added in 
solution over a period of 4 days and the re- 
ture allowed to stand for 3 weeks. At 
f this time the Gilman test [4] was 
for Grignard reagent 
ction mixture was hvdrolyzed in the 
manner and the ether distilled from the re- 
Ke ttle 


There remained 32 liters of crude 
| 


This 
onated in columns 25, 26, and 27 into three 
$890 ml: bp 55” to 
*, 9,830 


product. materia 


} 


was roughly 
ons bp 35° to 55° C 
C, 11,330 ml; and bp 140° to 150° ¢ 
The latter two fractions were redistilled and 
ajor fractions collected, boiling at 110° to 
Cand 140° to 150° C The fraction boiling 
10° to 150° C contained the 2-methyl-l-octene, 
84.5 moles, 45-percent yield. The other 
fraction, boiling 110° to 114° C 
ily a coupling product of two molecules of 


was ap- 

allyl chloride. In order to obtain a sample 

easurement of physical constants, 3,720 ml 

ide 2-methyl-l-octene was distilled in column 

From this distillation there was obtained 

0) ml of 2-methyl-l-octene, bp 143.5° to 145.0° 
ncorrected), nz, 1.4185-86, in addition to the 
le for physical properties 


)-Methyloctane. The 2-methy l-l-octene (4.7 kg, 
C 


moles) was hydrogenated at 140° to 150 
nickel-on-kieselguhr catalyst. The initial 
ire was 1,000 Ib/in at 25° C. The result- 

2-methvloctane (6,320 ml, 4.49 kg, 35 moles 

listilled in column 20 in two charges. From 
se two distillations there was obtained 3.68 kg 

irified 2-methyloctane, bp 142.5° to 144° C 

1.4031 to 1.4034. These 


ples were further classified by means of the 


orrected), =n 


tial refractive index in order to obtain the 
naterial for shipment. In this manner 
of purified 2-methvloctane, fp —80.42 
tained. This corresponds to a purity of 
ately 99.8 percent [5]. In addition, a 
the purest material was reserved for 


onstants. 


3. 3,3-Dimethylheptane 


drocarbon was prepared by the coupling 


magnesium chloride with tert-amyl 


theses of Hydrocarbons 


The n-butylmagnesium chloride was prepared 
from 23.1 kg (250 moles) of n-butyl chloride and 


6.08 kg (250 g atom) of magnesium using 75 


liters of ether as solvent. 

The solution of Grignard reagent was cooled to 
10° C 
rate of 4.5 kg per day with constant stirring. A 
total of 23.9 kg (225 moles) of tert-amyl chloride 
A heavy, 
white precipitate developed but the mixture re- 


and tert-amyl chloride was added at the 


was added over a period of 6 days. 
mained fluid. The reaction mixture stood for 1 
month before a negative Gilman test [4] was 


obtained. During this time the reaction was 
warmed to room temperature during the day and 
cooled at night. The mixture in the reaction 
kettle was worked up in the usual manner and 
some of the ether stripped off. From these opera- 
tions there was obtained approximately 30 liters 
of crude organic material. This material was 
ing fractions were obtained: bp less than 70° C, 
C, 36 


7.2 liters (crude 3,3- 


16 liters (mostly ether); bp 70° to 130 
bp 130° to 145° C 
dimethvlheptane 

The crude 3,3-dimethylheptane gave a positive 


liters; 
; and heavy residue 1.5 liters. 


test for halogen [3]. Therefore the crude paraffin 
was divided into two parts, one of which was 
treated with alcoholic potassium hydroxide, while 
the other was treated with sodium in liquid am- 
monia. Both treated samples proved to be free 
from halogen and were distilled in two charges of 
3,400 ml each in column 20. The distillation 


curve for one charge is shown in figure 3. 
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RE 3. Distillation of - 3-dimethylhe ptane 





From the distillation curve it is apparent that 
there is some compound of higher refractive index 
than 3,3-dimethyl- 


boiling only slightly lower 


heptane. Portion C was taken as the purified 
3,3-dimethylheptane 


for the measurement of physical properties 


Portion D was reserved 

From these two distillations there was obtained 
2,710 ml (1.91 kg) of material for shipment, bp 
137.01 © range (20 to 80 
0.007° C. np 


i 


boiling percent 
1.40872, in addition to a sample for 


phy sical properties 
4. n-Decane 


n-Decane was prepared by the hydrogenation of 
l-decene 

1-Decene The 1-decene 
from commercial sources 
3,600 ml) was fractionated in column 18 


9.1 kg) was obtained 
A trial charge of this 
material 
in order to obtain a sample for physical properties 
and also to determine the amount of Impurities in 
the crude decene From the data obtained it was 
decided to distill the remaining crude 1-decene in 
columns 25 to 27 and to discard the first and last 
10 percent. The forerun and residue from these 
combined and refractionated and it 
that 1,195 ml of this 
satisfactory for hydrogenation. A total of 10.1 


liters of 1-decene was obtained for hydrogenation 


runs were 


was found material was 


in addition to a sample for physical properties. 
n-Decane. 


kz) was carried out at 170° C 


Hydrogenation of the 1-decene (4.65 
using nickel-on- 

The reaction proceeded so 
lb In 


From this hydrogenation 


kieselguhr catalyst 
that 500 
quite sufficient 

kg (97 percent) ol n-decane was obtained 


hydrogen pressure was 
£.62 


ah 
The 


In two 


rapidly 


n-decane was fractionated in column 20 
fractionated to 
This 


percent 


n-decane was 
29.678° C 


runs, 4.62 kg of 
vield 3.43 ke of n-decane, fp 
corresponds to a purity of 99.9 mole 
5,12]. In 


material was 


addition, a sample of the purest 


reserved for the measurement of 


physical constants 
5. 2-Methylnonane 


This hydrocarbon was prepared by the de- 
hydration of 2-methyl-3-nonanol followed by the 
hydrogenation of the mixture of olefins. 

2.Methyl-3-nonanol. This 
by the reaction of 


carbinol was pre- 


pared isopropylmagnesium 
chloride with n-heptaldehyde. Isopropylmagne- 


sium chloride was prepared from 6.08 kg (250 g 


304 


atom) of magnesium and 19.6 kg (250 in 
isopropyl chloride over a period of 4 hr fo 
by 2 hr of stirring. To the Grignard 1 
added 26.5 kg (250 moles) of n-heptalde! 
initial reaction was quite vigorous and | 
this the addition of the heptaldehyde t 
The reaction mixture was allowed to st 
night, after which it was worked up in thy 
manner and most of the ether stripped off 
kettle. 
42 liters of crude 2-methyl-3 


reaction From this reaction t 
obtained 

The remaining ether was removed by dis 
A charge of 3,400 ml of th 


carbinol was fractionated in column 18 


in column 21. 


mm Hg. The principal products of thi 


tion were: fractions 6 to 10, bp 127° to 


Np 1.4263-53, 223 g; and fractions 25 
bp 154 155° C, np 1.4341-48, 1,32 
first cut (fractions 6 to 10) was. pri 
1—heptanol from the reduction of the heptald 
(fractions 25 to 57) was 


A hich boiling 


probably an 


The second cut 
methy 1-3-nonanol fraction 
remained, which was 
heptaldehyvde, and was not investigated 

The 


170 mm Hg in 


remaining carbinol was _ fractionat 


columns 25 to 27. TI 
distillations 


(19.3 moles, 7.7 %); 2-n 


principal products of all 


heptanol, 2.24 kg 


137.2 moles, 54.9 Y, 


3-nonanol, 21.7 ke | 

residue, probably an aldol, 3.25 kg (14.2 

11.4 %). 
2-Methylnonenes An 


2-methyl-3-nonanol — using 


attempt was i 
dehydrate the 
oxalic acid method of Niulliken, Waken 
2-methylnonet 


Gerry [7]. However, "io 


obtained, and the firs: drop from the A> 
distillation of the product boiled at 170° Ca 
It is apparent 
the 


40-percent point was 220° C 
there was very extensive polymerization 
this method of dehydraticiu was rejected 

The dehydration 
alumina at 300° to 325° C 
hr 7.26 kg (45.9 


was passed through the dehydrator and ( 


large scale made 
In the cou 
moles) of 2-methyl- 
(35.0 moles, 76.5 %) of water and 5.45 kg 
moles) of organic material were recov: 

A charge (4,000 ml 2.97 kg) of the ol 
distilled Data obtained 0 
distillation are shown in figure 4. 

The dehydration of 2-methyl-3-nona 


The 


in column 19. 


be expected to yield four decenes 
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OrsTH LATION 
STOPPED 
‘ 


REFRACTIVE INDEX AT 20°C 


1000 50¢ 
VOLUME RECOVERED, ML 


; 


ation of otenns 


2 methyvl-3-nonene, bp 163° C, np” 1.420, 
2-methyl-2-nonene, bp 169.9° C, np” 1.4289 
wo expected in smaller 
hvi-l-nonene, bp 168.2° C, np*® 1.4241, and 


hyl-4-nonene, bp 163° C, np” 1.422. 


quantities are 


since 
no data available on the properties of 
mpounds they were calculated by the 
of Francis [2]. These calculations seem to 
| qualitatively in figure 4. The major flats 
nd £ represent 2-methyl-3-nonene and 
yl-2-nonene, respectively. Cut B, which 
ghtly lower than the 2-methyl-3-nonene 
has a slightly higher refractive index, may 
2-methyl-4-nonene or else the minor 
isomer of 2-methyl-3-nonene The 

of refractive index from C coupled with 
rifting into the flat at / indicates the 
f a compound of slightly lower boiling 
2-methyl-2-nonene with a refractive 
iderably lowe! This is probably the 


nonene. The low-boiling cut A is un- 
heptenes from the dehydration of the 
The residue is the undehydrated 


aining 3,570 ml (2.48 kg) was distilled 
23 and the fraction boiling at 155° to 
as collected as the methylnonenes 


distillations, 3.43 ke (24.5 moles) of 
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olefin was obtained for hydrogenation The 
recovery of 1.05 kg of 2-methyl-3-nonanol indi- 
in the 


dehydration step instead of 76 percent as indicated 


cated an efficiency of about 65 percent 


by the recovered water. 
2- Methylnonane. 
were hydrogenated at 140° C 


The mixed 2-methylnonenes 
using nickel-on- 
kieselguhr catalyst. The starting hydrogen pres- 
sure was 600 Ib/in2 The hydrogenation pro- 
ceeded rapidly and was completed in 6 hr to yield 
3.29 kg (23.1 moles, 94% 


The 2-methylnonane 


of 2-methylnonane 
(4,200 ml, 3.08 kg) was 
distilled in column 19 and from this distillation 
there was obtained 3,580 ml of 2-methylnonane, 
mp—74.82° C. 
99 mole percent [5, 10]. 


This corresponds to a purity of 
In addition, a sample of 
the purest material was reserved for the deter- 
mination of physical constants. 


6. 2,3-Dimethyloctane 


This hydrocarbon was prepared by the dehydra- 
tion of 2,3-dimethyl-3-octanol and hydrogenating 
the resulting olefins. The 2,3-dimethyl-3-octanol 
was prepared by the reaction of n-amylmagnesium 
chloride and 3-methyl-2-butanone 

3-Methyl-2-butanone 


was prepared by a modification of the method 


ketone 


Methy lisopropy | 


given in Organic Syntheses [9]. Tertiary amyl 
alcohol (10.6 kg 119 moles) was heated to 52° to 
53° C and 19.1 kg 


added over a period of 5 hr 


119 moles) of bromine was 
The resulting mix- 
ture was orange-red in color, and this color per- 
addition of another 1.4 kg of 
Water 


and the reaction mixture refluxed for 24 hours 


sisted upon the 


tert -amyl alcohol 32 liters) was added 


after which the organic material was steam dis- 


tilled. The distillate was saturated with soda 
ash, the aqueous layer withdrawn and extracted 
with 3 liters of ethet The ether was stripped off 
and the residue added to the crude methy lisopropy! 

om 


ketone This was distilled in columns 22 and 2: 


to give 6 76 ke 78 6 moles. 66% of methvliso- 
propyl ketone. bp 92 to 95° CC 
2, 3-Dimethyl-3-octanol 


chloride was prepared 


n-Amylmagnesium 
from 9.6 kg of n-amyl 
chloride (90 moles) and 6.95 kg of magnesium 
90 ¢ atom) in the same manner as deseribed in 
the preparation of n-butylmagnesium chloride in 
the synthesis of 5-nonanol. To the Grignard 
reagent was added 6.76 kg (78.6 moles) of methyl- 
2 hr The 


isopropyl ketone over a period of 
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reaction mixture was stirred for the rest of the 
day and then worked up in the usual manner 
The ether was stripped off and the crude carbinol 


») 


distilled in column 22 at 130 mm Hg pressure. 


The fraction boiling at 130° to 135° C was col- 
lected as 2,3-dimethyl- }-octanol From two dis- 
37.9 moles, 48%) of 2,3-dimethyl- 


A 3,400-ml charge was 


tillations, 6 kg 
3-octanol was obtained 
redistilled in column 18 in order to obtain a 
sample for physical properties 

2 3-Dimethylocte nes The 2,3-dimethyl-3-octanol 
was dehydrated over alumina at 300°C. A total 
of 5.85 ke (37 moles) of 2,3-dimethyl-3-octanol 
was passed through the reactor to yield 555 ml 
of water (30.8 moles, 83.5%) and 5.38 kg of 
organic material. A charge of this material was 
fractionated in column 20 in order to obtain pure 
olefin samples. Of the three most probable olefins, 
only one was obtained pure enough for physical 
The properties of this olefin agreed 
for 2.3- 


constants 


with those previously reported [13] 
dimethyl-3-octene 
2? 3-Dime th yloe lane 


was hydrogenated using nickel- 


The 2,3-dimethyloctenes 
4 kg, 28.6 moles 
on-kieselguhr catalyst at 140° C. The initial 
hydrogen pressure was 1,300 lb./in2 Fractionation 
of the crude 2,3-dimethyloctane in two charges 


in column 20 gave 2,3-dimethyloc- 


2.26 keg of 


tene bp 163.3° to 164.8° C 
1.4146—47, as well as a sample for the determina- 


uncorrected), ny 
tion of physical properties. The purest material 
for shipment was selected by means of interfer- 
ometer examination, and amounted to 1.55 kg of 


purified 2.3-dimethyloctane, bp 163.95° C, boiling 


range (20 to 80 percent) 0.015° C nD 1.41493 


7. 1-Hexene 


This hydrocarbon was prepared by the dehydra- 
tion of 1-hexanol 
Commercial 1-hexanol (32 liters) was distilled in 


columns 25 to 27 in eight runs. The composite 
data of these runs were as follows: bp less than 
146° C, 52 ml; bp 146° to 153° C, 2.525 ml: 
bp 153° to 155° C. 1.066 ml: bp 155° to 158° C 
26,900 ml; and residue 180 ml. The purpose of 
this distillation was to remove the 2-ethylbutanol 
bp 146° to 153° C 
to 158° C This carbinol would dehydrate to 


rive hexenes boiling close to l-hexen »and therefore 


from the 1-hexanol (bp 155 


difficult to separate 
The distilled 1-hexanol (11.5 kg, 114 moles) was 
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dehydrated over alumina at 400° C. kyo, 
dehydration there were obtained 1,985 

moles) of water and 13 liters of crude 

This represented 9S percent dehyvdrati: 

basis of water recovered The crude « 
dried and distilled in column 21 to yield t 
ing fractions: bp less than 60° C, 50 n 
to 64° C, 3,970 ml 
3.820 ml: bp 65° to 67° ¢ 
bp 67° to 88° C 


l-hexene): bp 64 
*, 3,200 ml (2-h 
950 ml; and residue 
This distillation was very rough and no at 
was made to obtain pure samples 

The stripped hexenes were redistille« 
runs of approximately 4 liters each in co 
and 20 
3.2 kg (4.2 liters) of purified 1-hexene, bp 63.47 
(20 to 80%) 0.006° C, nj 


From this distillation there was obt 


boiling range 
in addition to a sample for physical proper 
In order to determine the ratio of 1-h: 
the 2-hexenes a small charge (1,500 ml 
dehydrated 1-hexanol was distilled in colw 
This gave the following fra 


Fraction 1, bp ao le ae & 


distillation 
ap L386 
fractions 2 to 9, bp 60° to 65.7° C, ni 
155 g; fractions 10 to 11 
np 1.3899 to 1.3934, 
68.0° to 69.0° C 
15, bp 69° to 107° ¢ 
120 g 


bp 65.7 
120 g; fractions 12 
ny 1.3955-71, 148 2 
fe np 1.4026, 37 ¢: and: 
This distillation indicated the 


l-hexene to the 2-hexenes to be 2 to 1 


8. 4-Methyl-l-pentene 
This hydrocarbon was prepared from t] 
densation of isopropylmagnesium chloride at 
chloride 


Isopropylmagnesium chloride was 


from 3.15 kg 
kg (140 moles) of isopropyl chloride in th 


131 ¢ atom) of magnesiun 


r 


manner as described for n-butylmagnes 
ride in the preparation of 5-nonanol 


Allyl chloride, 10 kg 
10 liters of ether and the solutioa was adde 


131 moles) was mi) 


Grignard reagent over a period of 3 davs 
ing this time the temperature of the rea 

ture was held at 5° C. The reaction m 
worked up in the usual manner and the « 
tion of 4-methyl-l-pentene was dried ov 
um carbonate. The ether was stripp 
column 21 in several charges and all th 


from the stripping runs were combined 
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lumn 21. From this distillation there 
ed 6.3 kg (75 moles, 57 percent of 
pentene, bp 50° to 56° C. About 1 


lvl remained as residue 


V. Appendix 


Determination of Physical Constants 


f n-heptane and 2,2,4-trimethylpentane are 
this Bureau, through the American society 
Materials, for certification as standard refer- 
knock rating work Certification of these 
resentative of lots of material of over 100,000 
i, in part, on the determination of selected 
stants and the comparison of these physical 
h those measured on high-purity material 
ants are boiling point boiling range 20 to 80% 
freezing point, density, and refractive index 
lrocarbons and intermediates synthesized in 
irbons Research Laboratory of the Engine 
are characterized by measurement of these 
ipplemented by measurement of: change in 
with pressure near 760 mm Hg, change in 
temperature, and change in refractive index 
ture 
ns of the methods used have been published 
time [6, 16, IS], but it is considered advisa- 
t the latest improvements used as part of a 


ription. This appendix is such a description 


2. Freezing Point in Air 


(a) Apparatus 


ratus used for the determination of freezing 
laboratories contains features adopted from 
s of Mair [14], Roper [15], Brooks, Howard, 
16], ar J Glasgow, Streiff, and Rossini [5] 
is is shown in figure 5 
Ne is placed in tube C, which is 26 mm outside 
1 273 mm in lengt! It is rounded at the 
the throat is reinforced with heavy glass so 
e may be gripped tightly with a clamp ir 
it in place when the freezing substance 
is 
ally heated tube is shown in detail in figure 6 
ted from a pair of glass tubes (AK and L), 41 
outside diameter and 240 mm in length 
ire closed at the base and fit within each other 
ner tube, L, is wound 49 turns of No. 32 
This possesses a resistance of 185 ohms at 
rature. The resistance wire is secured in 
ich tape and the annular space filled with 
This wax was found necessary in order to 
vire from corrosiol from atmospheric coh- 
\t the top of the tube the resistance wire is 
i to copper leads M The rates of cooling 
are controlled with high sensitivity by 
l-amp variable transformer. Within the 


element tube is placed a brass tube D closed 
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A charge of 4 liters of crude 4-methyl-1-pentene 
was distilled in column 19 to vield 2.5 liters (1.5 
of purified 4-methyl-l-pentene, fp —153.95° 
‘, and a sample for physical properties. 
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Figure 5 ng-potnt appa alus 


liameter of 30 mm and a length evacuation may be varied This Dewar is 5 
overed with smooth aluminum diameter, 69 mm outside diameter, and 38 « 
of this tube is to equalize les and is evacuated through a high vacuum s 
For this purpose a mechanical oil pump 


adequate \ number 18 spherical joint 
is } 


The purpose 
transfer over the entire sample and to shield 
mometer from outside radiations 
The cooling rate is 1 gl controlled by Dewar to the pump line Class wool 
unsilvered in which the bottom of this tube to help support the heat 

rhe coolant reservoir is a silvered Dewar 


diameter and deep enough to carry the rest of t 
Liquid nitrogen is used as the coolant 
freezing below 50° C, and dry ice in carbo: 
and chlorofrom for higher-freezing materials 
The sample is stirred by stirrer B (fig. 5 
of this double helical stirrer are shown 
first \ is made to fit the tube snugly 
machined flat in order to scrape the walls 
second (2) is a loose-fitting double helical 
the turns, except the bottom one, are 
vertical rod This second stirrer was four 
more satisfactory and has since been used 


minations t rade of 0.078-in. nichrome 
outer helix 1 in diameter, the inner 
the helical length is about 6 em The stirre 


by means of a crank operated by a direct ¢ 
the speed of which may be varied with a rhe 
gth of the stroke is 4.5 em With this st 


cultv has been encountered in obtaining 


freezing point curves, even for very high purit 
and 2,2,4-trimethylpentane 

The temperature is measured by 
resistance-thermome held in ple 
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reach the neighborhood of the freezing point much more 
quickly than can be done with a fixed vacuum Dewar. 
It is not necessary to start evacuating the Dewar until 20 
to 30 degrees above the expected freezing point 

2. Accurate control of the cooling and warming rates. 


ty tp W ith the electric heater it is possible to control the cooling 


-90.606 °C or warming rate quite accurately from 0.5 degree per min- 


ute cooling to O 5 degree per minute warming 
3. Efficient stirring, which prevents excessive super- 
cooling and aids quick recovery to the equilibrium state, 


only 3 to 5 minutes being necessary for recovery. 


TEMPERATURE 


1. Equilibrium freezing curves, presumably obtained 
because packing of frozen material in the bottom of the 
— tube is retarded by the new stirrer. 

—_> 5. A precision of measurement of freezing points of 


? 
FRACTIONS I4-19 about 0.003 deg C 


3. Boiling Point 





: The equipment for determining the distillation curves 
TIME, MINUTES on n-heptane, 2,2,4-trimethylpentane, and other com- 
8. Freezing curve of n-heptane pounds as used now has been modified from the apparatus 
described in reference [19] and is similar to the apparatus 
provide room for the stirrer The resistance designed by Mair [1 4]. 
? 


by means of a G-2 Mueller bridge with the (a) Apparatus 


“ei The apparatus used in the determination of boiling 

(b) Determination of the Freezing Point points is shown in figure 9.—The pot and column assembly 

is assembled as shown in figure 5 with is made by sealing a length of 25-mm tubing to a 125-ml 

in the freezing tube to cover the stirrer round bottom flask taken from an ordinary distilling 

f the stroke The outer Dewar is filled with flask so that the over-all length is 52 em. A side arm of 
gen to within about '% in. of the top and kept at 
rhe stirrer is run at a rate of about 60 strokes 


temperature reaches 20 to 30 degrees above 
| freezing point, the vacuum pump is started 
imping continued until the temperature has 
to 5 degrees above the expected freezing point, 


( the stopcock is closed and the pump stopped 


heater is started 10 to 15 degrees above the 

int and set to control the cooling at the desired , 

the expected freezing point this rate is 0.25 r Ss _ 

ree per minute The volt » setting on the |} SS 

former is based on previous determinations of i RS 

at various voltages and temperatures 

ire begun at 1.0 to 1.5 degrees above the | | 
{ 4 


ing point At this time the cooling rate TRANSFORMER 





o 0.40 degree per minute. Readings ar 
ite and when the material supercools more 
ree below the expected freezing point it Is 
i cold rod At least 30 readings should be 
ite intervals after the curve reaches a peak 


ercooling. The curve is plotted and inter 




















ng to the method of Taylor and Rossini [17] 
ing curve is shown in figure 8 

is desired the heater is set at a pre \ / 
tage to give a warming rate of 0.4 deg C = 
phase. The other experimental and cal- ; (ey, 


r 
) 

are the same as with a freezing point ~~ TRANSFORMER 

| 


4 


point apparatus has been found to give 


: . | 
jing with substances that freeze at low prea, | 
B ’ ¥ ; « Ls 


maintaini air at atmospheric 





unsilvered Dy War» it is possible to FIGURE Bo ng-point apparat 


of Hydrocarbons 





ibing flask at a 45-degree angle commutator of the bridge in the normal px 


ylumt ngtl f 56-mm tubing 37 cm long, correction for the 
1 the resistance of the thermometer with the e« 


reverse reading is made by 


two glass knobs 1 cm from the top an 


bottom, is slipped over the column and an upper side arm the reverse position after the 30, 35, 45, and 50 
is sealed into place is made of 8-mm tubing Immediately after the distillation is cor 
angle barometer should be calibrated by boiling d 


tl cm below the top at an 


sealed to the i 
of about 18 deg below t he horizontal The jacket 1s im the apparatus 
No. 30 corks, which the instrument but also the personal error of 
C, for 


This corrects not onlv for 


separated from the I by two 
are first bored and th split across the middle to facilitate and, for compounds boiling near 100 
one of the top | ives 18 bored a small hole to error also 


360° C) for determining the Che temperatures are calculated from the 


placing. In 
carry the thermometer 
temperature of the corks are put in place the usual manner The barometer is corr 
so that they fit tightly The jac ket is wound with No. 22 perature and for the difference between 
B & 8S) chromel wire spaced 2 cm apart, and anchored to barometric pressure and the true pressure a 
the glass knobs at the e jacket. The jacket and by the water rhe time furnishes the comme 
wire are wrapped with one layer of | asbestos and comparison between temperature and pressur 
finally covered with smooth tin foil Corks are used for 

charging tube and for carrying the resistance 4. Refractive Index 
ting the side arm into the 


heating Refractive indices are measured on a 


closing the 
thermometer and for conne¢ 
The current input into the jacket 


condenser 
transformer refractometer This instrument is an Abbe 


wire is regulated by a variable 


The pot is heated by a 660-watt laboratory heater, tometer with the prisms movable in a near-horiz 


rather than in a vertical plane. The scale 


by a 6-ampere variable transformer The 
h the apparatus is condensed linearly in arbitrary units, and readings are 


controlled 


throug 


material distilled 
in a 300-mm West type condenser and caught in a 100-n refractive index by use of a set of conversior 
graduate nished with the instrument. The instrument 
The thermometric system used in the 
consists of a Mueller resistance bridge, a platinum resist borhood of np? 


refractive index. The reproducibility of res 


determinations about 0.002 unit in the arbitrary scale, which 
1.39, is equivalent to about 0.000012 


ance thermometer, and a precision galvanometer The 
t a change of 0.0001 ohm skilled operator is about 0.00002 unit of refractive 


galvanometer is adjusted so that 
on the ridg causes a deflection of about 4 mm on the lemperat ire is controlled by circulation of water fro 


galvanometer scale The resistance thermometer is the constant-temperature bath through a chamber ar 
standard four-lead type hav a resistance of about 25.5 the prisms. The constant-temperature bath is of sta 


point thermometer is calibrate: lesign, equipped with two mercu 


ohms at the ice rv thermostats 
resistance at the meltin at near 20° C and the other near 25° (¢ 


every two vears DV meast 


s of oxygen, water, is a sodium vapor lamp 


The technique used in measuring the refract 
(b) Method en readings are taken on a sample of 


pentane (a working standard), five while appr 


point of ice and the bo 


apparatu d so that the end 
demarcation line from one direction, and five 


ce hermomet 


about 6 in. below 
are must be taker at the bulb of th 1e 1 opposite directior The temperature 
the column : j measured to 0.01° C by a mercury thermomete« 
jacket thermomet reading. These values are averaged. Immedia 


mometer does not t 


makes for erratic 
adjusted so that ble above after a sample of the material to be tested is } 


heg : ‘ ab ‘ vy below the boil 


‘ } 100-ml. graduat« \ comparison of the average of these reading 


runs obtained on the working standard gives the 


jacket instrument and ten readings are taken in the sa 
point of 
adjusted so that condenser lifference 
down the inner side refractive index between the working standard and{ 


While the sample | ng heat the pot the jacket 
C below the boiling are practically eliminated. The refractive i 


compound under test In this way, instrume 


temperature is adjust : » deg 
point of the material being dis lled When the liquid working standard is measured periodically by 
begins to simmer, the barometer reading, barometer tem with the standard sample of 2,2,4-trimethylp« 
perature, and the time are taker his procedure is Standard Sample 217), the refractive index 
repeated after 10, 25, 40, 55, 70, 80, and 90 ml have been been accurately measured (to +0.00002) by 


distilled. The first drop to leave the sidearm after th Instruments Section 


the zero reading. At this Recently, refractive indices of certain com} 


} ts 


vapor ring comes Up Is LaKt ibs 
the resistance of the thermometer and the time are 
recorded This is repeated at 2, 4, 6, 8, and 10 ml and leigh interferometer. This instrument measur 


every 5 ml thereafter until 90 ml 


point been measured by comparison with a standat 


ence in refractive index between two samples w 


The rate of distillation 
precision about +0.000004 with a l-cm cell 


is maintained at 5 ml per 1.0 to 1.25 min 
It has been advisable to take all readings with 


the borhood of np 1.39 to 1.40) than the refracto! 
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. Density flask is then dipped in acetone, dried, and weighed 
Finally, the barometer and barometer temperature ar 


glass-stoppered picnometer of about 50-ml . 
PI : read and the psychrometer reading taker By 


suitable 
of density (see fig 


calculations, the mass in vacuo is obtained 
at temperatures 1 
ihe volume of the flask is determined by distilling water 


into the picnometer and then proceeding as outlined above 
illing it nearly ; ‘ 
to obtain the mass of water in vacuo The density of 


water at that temperature is taken from tables and the 


mple are immersed i 


ywwed to remain for 


volume of the flask calculated rhe flask is calibrated 

=s drawn from the 

at both temperat ires 

nnected 
From these data, th nsity of the sample at tempera- 

tures near 20° and 2! is Ca 


20° and 25° ¢ 


if ilated and corrected to 
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fect of Deuteration, Oxidation, and Hydrogen-Bonding 
i on the Infrared Spectrum of Cellulose 


By John W. Rowen and Earle K. Plyler 


se films were immersed in heavy water (99.58% D.2O) at temperatures 

g as 100 hours in an attempt to effect a substitution of D for the H 

the OH groups « t cellulose Che intensity of the OH vibration in the 3-micron re gio! 

the spectrum of the films decreased very litth A weak OD vibration appeared in the 

nicron regio | ilts indicate that only a small fraction of the OH groups of the 
exchange under the conditions of the experiments 

ym 2 to 16 microns of cellulose nitrate, nitrogen dioxide oxidized 

lulose, alginic and sodium alginate are recorded A comparison of the spectra of 


se polysaccharides indicates that the strong band at 5.75 microns in the spectrum of 
oxidized cellulose is due to the C © vibration of the carboxyl group and that the bands 
it 6.07 and 7.01 microns are due to nitrogen-oxygen vibrations 
rhe intense bands in the 3-micro1 region of the spectra ot a number of cellulose deriva 
tives, attributed to hydroxyl groups, were examined with the aid of the high-dispersior 
thium fluoride is rhe minima of the bands were exactly at or close to 2.86 microns 
3.500 em I possibility of the existence of a common type ol hvdroge! 


cellulose derivatives is discussed 


I. Introduction II. Deuteration of Cellulose 


lation of work previously reported {1} Champetier and Viallard [2] reported that native 
further observations on the structure cellulose undergoes the heterogeneous exchange 
ose. The infrared spectrophotometric reaction represented as follows 
nts reported here pertain to three sep- C.H.O.(OH 8D.0>C,.H.0.(0D L3H.O. 
ts of cellulose chemistry The experi- is : . ' 
spectral measurements represent an and that the reaction goes to completion in 36 hr 
answer questions relating to (a) the at 30° C. This implies that all of the hydroxyl 
eaction between regenerated cellulose groups are accessible to the D,O molecules and 
im oxide, (b) the spectrum of cellulose hence available for the exchange. On the other 
carboxyl groups, and (c) the nature of hand, Frilette, Hanle, and Mark |3] studied the 
onding in cellulose and its derivatives reaction, employing both native and regenerated 
ments bearing on the exchange reaction cellulose and concluded that the hydroxyls were 
issed first. The work on the exchange not equally accessible. Only 64 percent of the 
uld be considered as a progress report hydroxyl groups of the native cellulose and 66 to 
ted in such detail because the results 89 percent of the hydroxyls in viscose rayon were 
In somewhat surprising contrast to found to participate in the exchange in their ex- 
— periments in 168 hr at 25° C 
Whether all or only a part of the hydroxyls in 


cellulose are available for the exchange reaction 


mared Spectrum of Cellulose sis 





has an important bearing upon the present-day 
concept of the structure of this natural polymer 
Cellulose is generally believed to consist of a net- 
work of long chain molecules arranged in more 
regions and less well- 


highly ordered (crystalline) 


ordered (amorphous) regions. Hydroxyl groups 
buried inside the crystalline regions would not be 
expected to be as accessible, and hence as free, to 
participate in the exchange with deuterium oxide 
as hydroxyl groups elsewhere in the cellulose. 

The extent of the exchange reaction in the studies 
referred to above was deduced from the change in 
this 


density of the heavy water. However, in 


work infrared spectrophotometry was used 


detecting the replacement of hydroxyl hydrogen by 


deuterium. This method has been applied suc- 
the of the 


between D,O and 8-methyl glucoside, 


exchange 
8-methyl 
xvloside, a-methyl mannoside, t-rhamnose, and 


cessfully to evaluation 


L-sorbose.” 

that 
water soluble compounds are completely exchanged 
for 25 C. The 
exchange is noted in the infrared spectra by the 


It was found using the spectroscopic 
method the hydroxyl hydrogens of these 


deuterium in a few hours at 
appearance of intense absorption at about 4 uw with 
simultaneous disappearance of the intense absorp- 
The absorption at 3 u is known to be 

of 
through a hydrogen bridge to another oxygen 


that a 


tion atosu 


characteristic hydroxyl hydrogens bonded 


atom, and f w to hydroxyl deuterium 
similarly bonded 

Two types of regenerated cellulose films were 
There was no 
The 


prepared by deacetylation of cellulose acetate [1], 


used in the work to be reported 


essential difference in results first was 


and the second was commercial cellophane sheeting 
the of the 


American Viscose Co to 


obtained from Sylvania Division 


The films were 3 13 uw 
thick and were mounted in a stainless steel frame 
The mounted 
hr at 105° C 

10 ml 


Liquid 


to facilitate handling films were 


dried in an oven for 16 in a special 
ts ground 


99 .56- 


glass chambet capacity with 


glass cover ajar heavy water, 


percent D,O, was run into the chamber from a 
sealed storage bottle, completely filling it, and the 
cover was put in place and sealed with a thin film 
of 


contact with the D,O for periods of time ranging 


silicone erease The cellulose was kept 


In 


from 25 to 100 hr at temperatures f; 
§2° CU 
immediately placed in the beam of ¢! 


The film was removed and eit} 


spectrophotometer [4] in room air at 
relative humidity. Thus the transmis 
the 2- to 


within a few minutes with little oppo 


film in t-u region could by 
moisture from the air to enter the film a 
the reaction 

of the filn 


according to the procedure just dese1 


The absorption at 3 4 


represent OH groups in the cellulose th 
exchanged with D.O and OH in water i: 
lose that had not been eliminated by the 
by diffusion into the D.0 The cont 
this ordinary water to the absorption at 
be small, at least at the time the film wa 
from the D,O 

In order to find out whether there wa 
and 


of the deuteration reaction 


remova 


deuterium from the cellulose during the 1 


films were cl 
at 105 ( 


ments, deuterium-treated 


two conditions, In an oven 


a 


anhydrous calcium sulfate at room temp 


transmittance 


films were remoy ed 
at 


deuterated cellulose was computed 


periodically 


t uw relative to that 


seen from the lower curve in figure | 
loss of the 
in the 4-u band, 


deuterium, as evidenced by 
was so slow at room te! 


as to be insignificant for the first severa 


In the first experiment designed to obs 


extent of reaction, the regenerated cell 


HOURS 











vo condition 
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d to 99.56-percent D,O as outlined 
2 hrat 25°C. Following the treatment 
s dried over anhydrous calcium sulfate 
or 48 hr, and its spectrum was then 
th the Perkin Elmer [5] infrared spee- 
The spectrum of the treated film had 
ly weak band at approximately 4 4 


parent change in intensity of the band 


tempt to deuterate the cellulose was 
yy seven other experiments in which the 
of exposure was varied from 25 to 100 hr 


) 


9 
the temperature from 25° to 52° C. In no 


was more than a barely perceptible diminu- 
of intensity of the 3-« band observed. This 
esult is in sharp contrast to the complete 
earance of the 3-u band in the spectra of the 
hydrates mentioned above 
final experiment, the dried film of re- 
| cellulose was exposed for 100 hr at 52 
D.0O. The recording of the spectrum by 
rd spectrophotometer was started under 
onditions of 40-percent relative humidity 1 
the film was removed from the reaction 
and the recording was completed in 4 min 
spectrum of this treated film was recorded at 
ntervals during the first 3 hr of its ap- 
to equilibrium with the 40-percent relative 
lityofthe room. ‘The spectrum of the dried, 
ated, regenerated cellulose, figure 2, A, is 
ed with that of the same specimen 60 min 
moval from the liquid D,O, figure 2, B, 
00 minutes after removal figure 2, U The 
of the treated film immediately after 
from the D,O is not shown because of the 


erlapping of the 4-u band into the 3-u 


sorption at 3.47 yw, attributable to the 
etching vibration, serves as an internal 
to which the variations in intensity of 
bands may be referred. A comparison 
nsity of the 3-u4 band before and after 
to the D,O reveals little change in the 
of this band Assuming the Lambert- 
to be applicable to this system and 
suming the contribution of any sorbed 
low, one would have expected a 50- 
iterlum exchange t .nerease the per- 
insmittance from the observed value of 
fig. 2, A) to about 40 percent 


ctrum in figure 2, C was recorded 40 
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min after obtaining that in B. During this time 
the OD band at 4 wu 


and showed the shoulder or secondary peak indi- 


had decreased in Intensity 
cated by the arrow. This vibration at 4.3 u was 
present in the spectra for most of the eight ex- 
periments and suggests that the OD band may 
be made up of at least two bands representing 
two vibrational Irequencies The absorption in 
the region of 4 u for the deuterated carbohydrates 
mentioned above was usually found to consist of 
two or three separate and distinct vibrations. An 
attempt was made to eliminate the OD absorption 
from the film giving the spectrum shown in figure 


»C by drying it over anhydrous calcium sulfate 


ina desiccator at 25° C for 8 hr. A fairly strong 


OD band was still present. The film was then 
immersed in ordinary water at 25° C for 6 hr and 
dried The 
still showed a small but significant absorption 
band at 4 
trace of deuterium from the film is difficult. 


spectrum of the film, figure 2, D, 
Evidently the removal of the last 


The relative decrease in intensity of the band 
at 3 u1n figure 2 B and the residual absorption at 
tu in figure 2, D indicate that some deuteration 


has taken place However, it uppears that the 
extent of reaction was either small, or that the 
HOH formed as a result of the reaction remained 
in the cellulose film and did not migrate into the 
surrounding D.O in the time and at the tempera- 
ture of these experiments. Since such extremely 
slow diffusion of normal H.O from the film into 
the D,O seems unlikely, it must be concluded 
that the extent of deuteration of the regenerated 
cellulose film 


much less than 50 percent, contrary to the findings 


under the above conditions was 


of previous WoO! ke rs 


III. Carboxyl Group in Oxidized Cellulose 


Karlhier work showed that cellulose oxidized 


with nitrogen dioxide had three main new absorp- 


tion bands [1] located at 5.75, 6.07, and 7.81 gp 


Nitrogen dioxide is said to be specific and to 
oxidize the primary alcohol group on the number 
six carbon atom to a carboxyl group [{7, 8}. 

Many organ acids containing carboxyl groups 
have absorption bands at approximately 5.75, 
6.07, and 7.81 pw 19, 10] It was, therefore, ten- 
tatively concluded at that time that the three 


abso ption bands at 5.75, 6.07, and 7.81 uw were 


in some way connected with the carbo 
However, our attention was called ¢ 
that the two intense bands at 6.07 
were also present in the spectrum « 
nitrate. Although the amounts of « 
trate formed in the reaction with nitro 
are said to be relatively small [{7, 8], it 
that under the conditions of our ¢ 
appreciable amounts of cellulose nit 


formed. The cellulose nitrate and 
nitrogen dioxide might possibly giv 
strong bands at 6.07 and 7.81 u. Any 
water in the film would make a small e 
to the 6.07-u band, as possibly woul 
groups. In view of the above it w 
fore, desirable that the spectrum of 
oxidized cellulose be compared with 
trum of cellulose nitrate and with a clos 
polysaccharide molecule containing 
groups 

The polysaccharide alginic acid is 
of pD-mannopyrano-uronic acid. The 
meric difference between NO oxidize 
celluronic acid and alginic acid Trhai\ 
structural form 


from the following 


units in alginie acid are linked through 


4 
, + + 


ROS 


, | , 


KA 


ber one and number four carbon a 
like NO, oxidized cellulose they have 
groups in the number six position. 171 
acid films used in this work were prep 
sodium alginate. One-half gram of | 
obtained from the Algin Corporation 


ica, Was dissolved in 30 ml of distilled 
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ml of a 5-percent stock solution [t is noted in figure 3 that the two questionable 
OF The Aerosol O. T. facilitated bands (6.07 and 7.81 u, measured to the second 
the film and had no effect on the decimal place in order to compare their positions 
the polymer The solution was in the two spectra) are absent in alginic acid, but 
hromium-plated surface using a blade present in cellulose nitrate. The intense absorp- 
j-in. clearance. This yielded a film tion at 5.75 uw in the spectrum of alginic acid is 
The film so obtained was then undoubtedly due to the C=O vibration of the 
nto alginic acid by treatment with carboxyl group. The shift in band from’ 5.75 to 
whiorie acid. The resulting alginic 6.25 uw, which occurs in the neutralization of the 
vas found to be gelatinous and quite alginic acid, is noted in figure 3. This behavior 
washing in cold water. The films is apparently characteristic of the carboxyl group 
n air for 24 hr and then over anhydrous when it is converted to the ionized carboxylate 
sulfate for 48 hr before recording the group. It has been observed [10,11] when the 
The cellulose nitrate was prepared by acid group is converted to the sodium salt. It 
of Davidson [6]. One-half gram of then appears, at this point, that although the 
ited cotton was dissolved in 100 ml of band at 5.75 w in the NO, oxidized cellulose is 
vl acetate. A film 6.9 uw thick was certainly due to a C=O vibration in the chain 
pared with the aid of a 0.04-in. Bird molecules, it is highly probable that the other two 
pplicator The NO, oxidized cellulose film bands (the ene at 6.07 and 7.81 u) are related to 
pared from regenerated cellulose obtained nitrogen-oxygen vibrations |12] 
etylation of cellulose acetate [1]. The 
se film so obtained was suspended at room IV. Hydrogen Bonding in Cellulose 
ture in a glass chamber that was evacu- 


Dry nitrogen dioxide was then passed into In the earlier work [1] the regeneration of the 
nber The films were left in the nitrogen cellulose from cellulose acetate was accompanied 


itmosphere for 2? hr and then soaked for by a shift inh the inwnuMm of the OH band to 


slightly longer wavelengths. The minimum ap- 


2 hr in distilled water with three changes 
The spectrum of the three polysac- peared at approximately 3,500 em 2.86 uw) in 


s prepared in the above manner are shown cellulose acetate and at approximately 3,400 em 

2.94 yw) in. regenerated cellulose. This fact 
suggested that the hydrogen bridges between the 
unacetylated OH groups in cellulose acetate were 
relatively weaker [13] than the hydrogen bridges 
between the OH groups in regenerated cellulose. 
The apparent difference in positions of the minima 
is shown in figure 4, in which the spectra of three 
different cellulose acetates and one sample of 
methyl cellulose may be seen The cellulose 
triacetate used in obtaining the specirum in 
figure 4 was obtained from the Eastman Kodak 
Co. It was insoluble in acetone and, therefore, 
cast from a 10-percent chloroform solution. In 
preparing the 10-percent solution, five parts of 
alcohol were added to 100 parts of the chloroform 
to facilitate dispersion of the cellulose triacetate 
The film made with a 0.04-in. Bird film applicator 
was 7.6 yw in thickness The cellulose acetate 
had an acetyl content of approximately 54 percent 
as acetic acid); ié was prepared and _ partially 


deacetvlated as previously described [1] The 
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methyl cellulose £ O00 centipoises) used in this WAVE NUMBERS IN cm! 
3570 3445 3333 





work was obtained from the Dow Chemical Co 
\ 2\-percent water solution was spread with a 
blade having a clearance of 0.006 in The result- 
Ing film (4.6 u) was then removed from the class 
plate with the aid of a razor blade and a pair of 
tweezers 

It is noted in figure 4 that the commercial cellu- 
lose triacetate and methyl cellulose have OH bands 





due to a few unreacted hydroxyl groups) whose 
minima are at approximately 2.87 uw. On the 
other hand, the partially deacetylated acetates 


had OH bands whose minima are at 3.0 u 
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In view of the above difference in the position 28 29 30 
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of the minimum of the OH band, it was of interest 
to examine the band with the aid of the wide dis- Figure 4 woe sorption spectra 
persion lithium fluoride prism in an additional years 
experiment designed to detect, in a qualitative 
manner, the effect of water molecules and the 


band intensities upon the position of the mini- 
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this preliminary experiment, the 
the band could be varied by changing 
vl content. The change in intensity 
d was made possible by means of a 
ulose acetate butyrate esters available 
au. It would have been more desira- 
a cellulose acetate series to study the 
rving hydroxyl content for this experi- 
ever, such a series was not immedi- 
able For the study, three samples of 
ester having three different hydroxy! 
1.03 equivalent, 0.52, and 0.94 were 
One equivalent of OH here means that 
me hydroxyl group in each anhydro- 
In addition, the following three 
vere also examined at the same time 
lose, benzvl cellulose, and regenerated 
In order to minimize any possible effect 
on the positions of the OH bands, the 
samples were compared after drying 
hydrous calcium sulfate for 24 hr in a 
constructed cell having rock-salt| win- 
was thus possible to obtain the spectra 
dry films with the aid of this cell and a 
ioride prism 
pectra of the six derivatives of cellulose 
in figure 5. It is noted that the first, 
urd, and fifth spectra all have minima 
em! (2.86 «). The minima of the benzyl 
4) and regenerated cellulose (spectrum 
to be shifted to slightly longer wave- 
It is apparent that the position of the 
in the dried mixed ester spectra is ae 
2.86 vw and that the difference, 0.12 yu 
observed in figure 4, is an effect that is 
due to additional hydrogen bonding 
etvlated cellulose acetate 
rption band in the region of 3,500 
has been observed in dilute carbon 
de solutions of alcohols The position 
14, 15] to the 


irogen bonding between the two alcohol 


id has been attributed | 
which are associated in some manner, 
s to the formation of a dimer alcohol 
The presence of this vibration in 
ed cellulose derivatives suggests that 
nism by which the cellulose chains are 
ther may possibly be of the ‘‘dimer’’ 
ommon to many cellulose derivatives 


ition may be imagined as follows 


pectrum of Cellulose 


HYDROGEN 
BOND 


NEIGHBORING 
CMarme 


these bridges ordered 


Although 


crystalline 


may exist in 
regions of cellulose, they would not 
be present in large numbers in the disordered 
amorphous regions 

In the disordered regions many of the OH 
groups on neighboring chains are not close enough 
to each other to enter into a hydrogen bonding 
This inability of some of the OH 


groups in cellulose to undergo hydrogen bonding 


arrangement 


in the amorphous regions should give rise to 
characteristic of free OH vibra- 
reported for free OH 
18] are 


Small 


frequencies 
tions. The frequencies 
groups in alcohols in solutions [16, 17, 
found to be in the region of 2.72 to 2.75 rv 
inflections in the region ol the spectra of cellulose 
acetate butyrate (0.52 equiv.—spectrum 2 in fig. 


5) and in regenerated cellulose (spectrum 6 
suggest the presence of a few free OH groups In 
these derivatives. However, additional work 
will have to be done on thicker films before the 
presence of free OH groups in cellulose and its 
derivatives is definitely established 

The preliminary work described here suggests 
the advisability of examining the short wavelength 
region, under high dispersion, of samples of dried 
and undried cellulose and its derivatives, both 
deuterated and nondeuterated, having varying 
tensile strengths and different degrees of crystal- 


linity 


Hunt 


and Sara L. Roser for valuable assistance in pre- 


The authors are indebted to Charles M 


paring some of the derivatives and films used in 


this work. 
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apor Pressure and Fixed Points of Oxygen and Heat 
Capacity in the Critical Region 
By Harold J. Hoge 


Vapor-pressure measurements on oxygen covering the entire range from the triple 


point to the critical point are reported By measuring short sections of isotherms, the 


critical temperature and pressure were found to be 154.78° K and 50.14 atm, respectively 
Che triple point temperature and pressure were found to be 54.363° K and 1.14 mm Hg 
respectivels rhe two solid-solid transitions were found to be at 43.80)° and 23.886° K 
respectively leasurements were made of the heat capacity of oxygen in the critical region 
at six different ing densities A comparison of the temperature seales of three different 
laboratories is made, based upon reported values of the fixed points of hydrogen, nitrogen, 


and oxvgel 


I. Introduction The vapor pressure data above 90.19° K will be 
useful when the time for modification of the two 

ireau has maintained since 1939 a pro- scales arrives. The vapor pressure of oxygen 
mperature seale |1]' covering the range above 1 atm was not as well known as that of 


K This scale was based on a group of many other common gases. The last major in- 
stance thermometers, two of which have vestigation was by Dodge and Davis [3] in 1927 
ered accidents that caused them to be and went only to 21.47 atm. Prior to that the 


from the group The initial impetus best values were probably those reported by 
ork now being reported was a desire to Onnes, Dorsman, and Holst [4] in 1914. The 
provisional temperature scale (PTS) to ITS was not employed in either investigation 
ties of pure materials such as oxygen, Hence it was decided to extend the present 
scale could be maintained without ref- measurements all the way to the critical point, 
the preservation of the original group of using a modern high-purity platinum resistance 
ers. Oxygen was chosen because its thermometer calibrated on the ITS. Some high- 
unt defines the lower limit of the Inter- 


; 


pressure heat-capacity measurements were made 
Femperature Seale (LTS) [2], and becauss to test the value of calorimetry in mapping the 


point and the two solid-solid transitions critical region and determining the critical tem- 


use Of being usable fixed points perature. The critical point was located by meas- 


e for some time been aware that the urement of short sections of isotherms (p versus V 


‘ . mp . ’ “ ues 
he PTS maintained by this Bureau do The work now being reported was begun in 


smoothly (at 90.19° K) as would be 1942 It was laid aside during the war and has 


It seems likely that the two seales been completed since the war. The primary pur- 
brought into agreement with the ther- 


pose of defining the provisional temperature scale 
scale without modifications of both covering the range 11° to 90° K in terms of the 
vapor pressures and fixed points of pure materials 
is only partially accomplished by the present work 
Additional fixed points are needed, especially 
below 40° K. Work on nitrogen and perhaps 


neon would help to complete the picture, and it is 
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hoped that this can be carried out in the not too 
distant future. 


Il. Apparatus 


The apparatus used in the 1942 measurements 
was a small adiabatic calorimeter originally used 
by Brickwedde and Scott in their investigations of 
HD. This 


design to the one described by Scott et al [5] except 


calorimeter was similar in general 
that it was much smaller. The vapor pressure 
was transmitted to the manometer through a 
small filling tube. The determinations of solid- 
solid transition temperatures were made in this 
apparatus ; also some triple-point measurements 
and most of the vapor-pressure measurements 
below 1/10 atm. With this apparatus both oil 
and mercury manometers were used 

The apparatus used in the measurements made 
since the war is shown schematically in figure 1. 
The low-pressure apparatus (upper half of fig. 1 
was of glass, with a conventional mercury-in-glass 
manometer, which was read on a mirror-backed 
glass scale. Pressures up to about 1 m Hg were 
read directly on this scale, and higher pressures up 
to about 1.7 atm were read by opening the stop 
cock to the atmosphere, and adding the reading of 
the barometer to the reading of the manometer 
A flask of approximately 
calibrated volume was used for measuring the quan- 
One of the 
condensing tubes was used to collect the OQ», as it was 


The other 


-liter capacity marked 
tity of O, admitted to the apparatus 
prepared by decomposition of K MnO, 


al 


- 
- > 


% 
s 


‘ 


MANOME TER 
Hg-IN-GLASS 


RYOSTAT PRESSURE 


TRANSMITTER 


Ficure | ipparatus 
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was useful in certain cases where oxyget 
transferred from one part of the ap; 
another. 

The apparatus capable of withstar 
pressure (lower half of fig. 1) consisted 
stat, a pressure transmitter, a wate 


water-oil cell, a Bourdon pressure 


finally a piston gage. Pressure exerte: 
the cryostat was communicated by vay 
sample itself to mercury contained in th 
transmitter. Thence it was transmit 
mercury from the first meniscus to t] 
then thru water to the water-oil cell, a 
thru oil to the piston gage. 

details of the 


Cryostat. Some 


chamber and its immediate surroun 
shown in figure 2. The equilibrium cha 
made by boring out a short section-of p 
rod (*°, in. outside diameter) closing 

end with a nickel cap and connecting 

end to a heavy-wall nickel tube (‘y in. | 
which transmitted the 


vapor pressurt 


measuring system. After assembly wit! 
solder the equilibrium chamber was ins 

a well in the heavy copper block and soft-s 
in place. The heavy copper block contai 
a well for the resistance thermomete1 

contact between the thermometer and t! 
was obtained with stopcock grease 
there were two equilibrium chambers 
thermometer wells spaced alternately 
intervals about the axis of the block, but 
thermometer and one well were used in t! 
experiments. For convenience in repres 


> 


figure 2 shows a thermometer in tlh 


actually occupied by the second eg 


chamber The copper block was held 
place by a short length of ':-in. mon 
The vapor-pressure tubes passed throug! 
this tube. All three of the tubes wer 
to a copper bushing, which fit snug 
sleeve that formed part of the shield 

2 the sleeve and bushing appeer as a su 
of metal. Stopcock grease was plac 
joint between them to improve therma 
The weight of the 


by the two Vvapor-pressure tu 


copper-block assel 
carried 
the insertion or removal of thermom: 
container and the thermal shield could bi 
tubes 


and the unso 


another sleeve and bushing above the 


vapor-pressure 
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RESISTANCE 
THERMOMETER 

















h the block assembly could be lowered 
hes 

eld system was rather heavy s-1n 
tight 
between the shield and the container 


was vacuum This permitted 
iated while a small amount of helium 
nside the shield and in the supporting 
contained the vapor pressure lines 
¢ the helium pressure, the temperature 
vy vapor pressure lines could be con- 
thout the use of unduly large heaters. 
m worked satisfactorily but was less 
to adjust than a system involving only 
eaters 


No advantage was anticipated 


sssure of Oxygen 


from having helium around the block itself, but 
this simplified the problem of getting the leads 
to the block 
were about three-fourths completed a leak de- 
This 


measurements 


However, when the measurements 


veloped in the resistance thermometer. 


would have prevented further 
had it not been possible to operate with the block 
in an atmosphere of helium. The helium was of 
course a disadvantage in heat-capacity measure- 
ments 

The supporting tube carried the shield at its 
lower end. For a distance of about 2.5 in! above 
the shield it was protected from the refrigerating 
bath by a 1-in. tube that was essentially a con- 
tinuation of the container. A heater was wound 
on the outside of the protected section of the 
ther- 


mocouple or thermopile) junctions were placed on 


supporting tube. Two thermel (thermel 


the vapor pressure lines, but no heater was 


wound on them. In addition a six-power differ- 
ence thermel was used in controlling the temper- 
ature of the tubes and shield. Two junctions 
were on the tubes, one on the top of the shield, 
They 


could be used as a single pile; also certain junc- 


two on the side, and one on the bottom. 


tions and subgroups could be observed separately 


The bottom, top, side, and tube heaters were all 


in series. The first three were controlled as a 
unit, with only occasional adjustment of shunts 
across the bottom and top heaters. It was found 
impractical to include the tube heater in the 
group. 

To permit rough heat-capacity measurements, 
a heater was wrapped on the outside of the block. 
One of the potential terminals for power measure- 
ment was located where the current lead reached 
the block: the other was located near the top of 
the short section of thin monel tubing that 
helped to support the copper block 

Meniscus detectors. The pressure transmitter 
used during the latter part of the measurements 


filled 


Since the positions of the menisci 


was a ‘4-in. stainless steel tube partially 
with mercury. 
could not be observed visually, a method was em- 
ployed that involved the detection of the positions 
of nickel floats by means of an inductance bridge 
The scheme and detecting circuit were designed 
for us by Maurice L. Greenough. The floats were 
pure nickel cylinders (*¢-in. inside diameter, 0 012- 








ti wall machined from large. ston k so as to leave 
at each end to keep the floats 


When 


surface the floats did not 


foul projections 


centered ITiS1cle the stainless steel tube 


placed on a mercury 
held entirely 


sink, but wer above the mercury 


bv surface tension Mercury tended to wet them 
on prolonged contact This was controlled by 
oxidizing the floats in an oxygen flame before use 

Each detecting unit was a center-tapped induct- 


AWGS3S 


wire The two halves were wound on a common 


ance coil of enameled copper magnet 


lucite form, which slid freely up and down the 


stainless steel tube Each half had an inductance 
of about 0.495 henry and a resistance of about 
long, with 


895 ohms. and occupted a space 's in 


inside and outside diameters of » and 1% in., 


respectively. The output of a beat-frequency 
oscillator was applied across either ce tecting unit 
with the center taps of the oscillator and the de- 
tecting unit connected together through a micro- 


ammeter and a germanium rectifier so as to form 


The bi idge 


intil the float was mid 


an inductances bridge Was balanced 


by moving the detector 
way between the two halves of the detector coil 
Accuracy of the detection is discussed later 

D aphragn cell The 


described was used only in the later measurements 


pressure transmitter just 


In the earl r measurements a diaphragm cell was 
used that was similar to the one described by 
Osborne The 


diaphragm Was ol thick, 


Stimson, Fiock 


and Ginnings |6] 
pure nickel 0.005 in 
clamped between two cylindrical blocks of mone! 
The adja ent sur- 


metal about 4 in. in diameter 


faces of the hollowed out to a maxi- 


blocks wert 
mun depth of 0.005 in., so that the center of the 
diaphragm was free to move through a distance of 
The dished-out 


This wis lara I 


0.010 in areas had a diameter of 


2.56 1n than the cell used by 
Osborne et al., for the purpose of obtaining higher 
sensitivity, but the larger size seemed to be more 
difficult to 


clamped by [we lve s-1N 


assemble vacuum tight It was 


bolts. Larger bolts, and 
would have 
The cell was 


n such a wav as to stretch the dia- 


a working diameter of perhaps 1% in 


reduced the troubles encountered 


assembled 


phragm slightly just before it was permanently 


clamped between the cell blocks. This was done 


by making the diaphragm larger than would 


otherwise have been necessary and first clamping 
it at In a plane 


When the 


Its periphery so as to hold it 


slightly above the lowe! cell bloe k 
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upper cell block was placed in position 
the central portion of the diaphragm 
original plane before clamping it agains 
block At the center of each block 
hole was drilled. Through one of thes 
sure of oxygen vapor was applied to th 
of the diaphragm. The upper sidk 

was connected to a line leading to the p 

This line contained two glass tubes, « 
diately above the diaphragm in which t! 

meniscus was observed; ar 

the oil menis IM 


The line connecting the Lops ¢ 


of a water 
where the position of 
served 
for admitt 


Wat 


space above the diaphragm and the | 


glass tubes contained a tee 
vas to the appropriate pressure 
from it, so that the position of the diapl| 
registered by the height of the water colu 
tube. The diaphragm cell wor 


glass 
factorily for a period of months. Af 
received very little use while the heat 


were In progress Wh 


measurements 


pressure measurements were resumed 


phragm was found to be unusable, pres 

because its position of equilibrium was ! ()" 
in the middle of the cell The press 
mitter shown in figure 1 was then subst 
it, with the addition of the water pump ar 


oil cell When both 


properly they gave results of comparabl 


apparatuses wer 


The one shown in figure 1 was easier to 
ever, and had the advantage that at h 
sures the quantity of 0, in the ervostat 
varied over a large range This was ace 
by changing the positions of the menis« 
varying the volume in the transmitter 
occupied by 0. gas at high pressure 

oil cell The 


Water pump and wate 
was Introduced between the oil and 
for reasons of safety It could be omitt 
apparatus where the possibility of O,-oil 
Was not present The water pump was ¢ 
much like an ordinary packed needle \ 
bronze plunger rep! 


polishe d 


il s-Inl 


needle The plunger had a travel of 2 


thread on the stem was in.-15, and \ 
hand wheel was reasonably easy to t 

pressures of 50 atm The water-oil cell 
a valve for bleeding the line and thus m 
of the position of the water-oil meniscus 


Piston gage The piston gage used v 
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previously described by Mevers and 
It had a 


ve area of the 


range ol about LOO atm 
piston was 1.0065 
\Mevers 


csnown that pistons occasionally suffer 


furnished by 


changes in diameter, the gage was 
comparing it with another gage of the 
Mevers and Jessup (number 


ibed by 


The two gages agreed to better than 


OO) 


II. Preparation and Purity of Samples 


esec cpor 


tion of O* from. the 


(ferent samples of O. were used The 
was used tn all the 1942 measurements 
in all subsequent mea 
1947, and the 
nts All wer 


sample was fractionally 


surements prio! 
last sample in all late: 
prepared from KMnQO, 
distilled and 


comparison of thi 


actions No 


The last two samples were hot clis- 


Vapor pressures ol 


improvement In purity 

the time of preparation the first and 
ms of the oxvgen venerated were dis 
The possibility that the concentration 
the samples would be affected by thre 


or the method of preparation was 


Stedman |S} was able to increase the 


normal | part in 


mart in 400 by running a 16-ft distillation 


27 hr. The vapor pressure of the pure 
Lope Is probably only | 5 percent less 
of the normal mixture. Hence it 


unlikely that changes Ith Isolopl 


could have any appre inble effect on 
measurements 

have had difficulty in preparing pure 
m WKAInNO,, a few of the details of the 


Exe ept for 


ised will be deseribed 


difications the procedures are those 


\ mass ol KAInO, equal 


times * the required mass of oxygen 


Scott 4) 


a glass bulb, confined with a plug of 
and sealed to the system The bulb 
nly about half full as the crystals swell 
The glass 


from contaminating the 


» powder during the reaction 
hits powder 
system. <A furnace is placed around 


nd the system is evacuated overnicht 


with the temperature slightly above 
°K Mné t VinOe+KoMnO,+t t take 
fo t k ig f juid O 


ssure of Oxygen 


10°e Cc 


rapidly to, sav, 160 ( 


The temperature is then raised fairly 
and then more slowly until 
a noticeable evolution of O, Is registered by the 
This will 


The vacuum pump is left 


pressure gage of the vacuum system 
occur at about 200° C 
running, and the temperature is slowly raised until 
the reaction chamber is thoroughly flushed. The 
rate of generation of OQ, ts estimated by closing the 
line to the pump temporarily and noting the rate 
After it is judged that 5 or 10 
percent of the material has reacted, the pump line 


ot rise ol pressure 


is closed and collection of the sample Is begun 
proceeds, and is 
KAInO, 


adsot bed 


The reaction accelerates as it 
accompanied by decrepitation of the 
crystals. It seems plausible that any 
gases will be gotten rid of more completely if a 
amount of occurs before 


small decrepitation 


collection of the sample is started The furnace 
temperature should be rather carefully controlled 
as the reaction gets under wal Generally the 
furnace temperature need not be raised above 
230° C Collection of the sample is observed in 


one ol the condensing tubes, and when the reaction 


is judged to be about SO percent complete the 
remainder of the Os, is either discarded or collected 
in the other tube 

There was no indication in the vapor-pressure 
data of any difference in the purity of the three 
samples. Melting-point data were taken on the 
first and last samples. The equilibrium tempera- 
ture was plotted versus the reciprocal of F, the 
fraction of the sample melted, and the slope of a 
straight line drawn through the points was meas 
ured. This slope is the coefficient of 1/F' in the 
usual formula for freezing point depression: 7, 
T= (£RT?/L,) (A/F 
value for L,(106.3° cal 
54.363° K for 77, 


of impurity, were computed 


Using Giauque and John- 
ston’s |10 mole and 
values of x, the mole fraction 
For the first sample 
r was found to be 210 with an uncertainty 
inc of about 50 percent. The graph for the third 
sample gave the same value of 4, but the uncer- 
tainty was larger—of the order of 100 percent 
No melting-point data were taken on the second 
sample, but it is thought to have been of the same 


purity as the other two 


IV. Vapor Pressure 


Measurements The vapor-pressure data are 


civen in table J One column of this table gives 


the type of pressure-measuring system employed 
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This was either a simple oil manometer (oil), a PaBLe 1. Observations of the vapor 
simple mercury manometer He), a mercury 
manometer reading the excess above barometric Date Pressure mea ; ~ 
pressure (HgB), a piston gage with pressure trans- 
mitted to it through a diaphragm cell (PGD), or k 
a piston gage with pressure transmitted to it al 
through the mercury-filled U-tube shown in figure = 
1 (PGHg). The method used at each point is 030 
indicated in one of the columns of table | | non 
4 H 8. OOF 
raBLeE | Observation the vapor pressure of O _— 
i | SO OOU 
, . f bse . 81.04 
| ‘ 4 
tp Ot 
h Hy H on 
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density f 
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Nik ters section 


the sar 
oil Thhit 


sures 


ne pressu 
nomete 


did hot 
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above 
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data 1 


equation 
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tained aplez 
rSHO22 — 0.001 
irements at 
v. Density, ar 


eau lloweve 


yn-B oul 


13 (4-BH5 


°) or 
20", 2d 


vd Fluid 


r, when 


Was read simultaneously on the 


and the Hg manometer the pres- 
agree exactly possibly due to 
the oil Densities given by the 


' 


were aAcCO 


thre oil nn 


nto agreement Th 


oxvgen through the oil in th 


to be verv slow 


manometel Wi 


precau 
ments 
q ON 


980.10 


tionary 
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O.bbo, 7 


hows Vel 


rdingly multi 
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platinum 


All pressure 


standard I 


plied by 
mometer 
usion of 


ppeared 


the vacuum side of the 


ly as a 
measure- 


(") assuming local gravity to be 


were Tie? 


resistance 


isured bv a 


thermometet 


capsule- 


Ther 






mometer L3 was used in the 1942 me 
and L14 in all subsequent work. Th 
L3 was one of the original group used t« 
temperature scale below 90° K, which t! 
now maintains. Its calibration is d 
reference |{1] Thermometer L14 was 
below 90° K by comparison with therm 
this original group, and above 90° on t] 
Resistances were measured on a Muelle: 
bridge 

Both the oil and the Hg manometers 
on mirror-backed calibrated glass s ale 
several observations were made at the s 
the vertical position of the scale WV 
slightly after each pair of readings 


been found to increase the accuras voftl 


tions In general an experimenta 
sisted of three manometer readings 
with two resistance readings. Where tl 
Was too high to be read on the He I 
alone it was necessary to read the 
Barometer readings are also require 
piston gage is used. Rather than 
instruments simultaneously it was fo 
to make barometer readings at more c 
times and to record the times of all read 
barometer height was then plotted as 
of time, and appropriate values were 
the curve to add to the readings of 
Instruments 

The procedure for taking data with 
cage was different when the diaphragn 
used than when the apparatus was en 


shown in figure 1. With the diaphragn 


first step was to calibrate the diaphrag 
ing the height of the water column in 
tube above it as a function of the press 
ence across the diaphragm. This was di 
almost every run, although the chang 

tion was small and monotonic over thi 
most of the measurements involving the « 
cell To calibrate, a pressure neal 

limit of the piston gage (~900 mm 
measured simultaneously by the mano! 
or HgB) and by the piston gage (PG 
two results were set equal to each othe 

pressure supported by the diaphragm 
as an unknown quantity to be detern 


the equation After an observation t 


on the piston gage was changed by a 


and conditions readjusted so that the 
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calibration consisted of 


slightly \ 
such observations 
with a 


was linear change in 


make measurements the 


m Hg. To 

of the cryostat was raised to the 
iw, helium was admitted to the line 
diaphragm and the piston gage until 


agm was near its equilibrium position 


| valve to the piston gage was opened 
d the weights adjusted until balance 


ed The weights were then recorded 


heights of the menisci in the water 


sO) i¢ 


ht glasses. Room temperature was 
for use In computing the densities of the 


\fter 


»btained, the weight on the piston gage 


er columns a pressure balance 


rd by 5 or 10 ¢ and balance restored 

i the amount of oil or helium in the 

This caused the diaphragm to take up a 

tion still in the lineal range covered by 

bration (Another set of readings was then 

\n experimental determination consisted 

” e sets of readings of the piston gage and 

m, alternated with four readings of the 
thermometer 

worked satisfactorily in all 

1947 When it 

948, however, the data did not agree 

The 


cell was found to be unusable and was 


aphragm 
ments made in was first 


emselves or with the earlier data 


by the pressure transmitter shown in 


The cell could have been put back in 

Dy replacing the diaphragm, but it was 
ght preferable to replace it with a different 
and thus obtain an independent check 


bility of the data The pressure trans- 


vn in figure 1 was therefore used The 
observing mercury meniscus positions 
in the section on apparatus. After 


S race had been halane ed and the weights 


if series of observations of thermometer 
Ista Vas begun While one operator re- 
stances at l-min intervals, the second 


nultaneously observed the heights of 
v columns ip each arm of the pressure 

Temperatures were recorded for use 
ng the density of the mercury, water, 
which the trans- 


ough pressure was 


if water-oil cell was bled occasionally 
Dpor P 


esec ssure of Oxygen 


Over a range of 
m in the height of the water column the 
water 


mm corresponding to a pressure change 


to establish the position of the water-oil boundary 
in this cell. The valves were manipulated in such 
a Way as lo keep this position constant except for 
the compressibility of the oil and the leakage of 
oil past the piston. The density of the oil was 
not greatly different from the density of wate! 
A 64-mm uncertainty in the height of the water- 
oil boundary would have been required to cause 
an error in pressure of 1 mm Hg 

The computation of pressures from piston-gage 
data requires a number of corrections to be made. 
The desired pressure P is that at the liquid-vapor 
interface in the equilibrium chamber. This pres- 
sure 1s equal to the hydrostatic pressure due to all 
fluids in the transmitting line, plus the pressure 
exerted by the piston gage, plus the barometric 
pressure. That is 


r dy he cm S eg dh m m) (qa bh. 


where q is the acceleration of gravity, 7 I> the 
fixed mass of the piston weight-carriet etc mois 
the mass of the weights added, a is the effective 
area of the piston, and 4 is the barometric pres 
divided into several 


sure The integral can be 


parts. Starting at the liquid-vapor surface we 


vapol We Integrate 
tekine dh 


have first a column of 0, 


transmitting line, positive 


along the 


upward. Referring now to figure 1 there is next 
a section of the line filled with mercury, then one 


Let h, h . h a hi 


hg be the respective heights of the phase boundaries 


filled with water and finally oil 


between 0,-liquid and 0)-vapor, Q:-vapor and Hg 
Hg and water, water and oil, oil and the base of 
the piston. Then the integral can be broken into 


the following parts 


S e9 dh piv q lh po I1q q h h 


p (water) g(h h ploil)g(hs—h 


All heights cept h, and fh 
provided the apparatus remains undisturbed and 
In the above 


remain constant e% 
the water-oil cell is properly bled 
formula, heights must be in centimeters if densities 
are in grams per cubic centimeter 

The correction for the hvdrostatic pressure of 
oxygen vapor is quite small and was applied only 
at pressures above 1m Hg. Many of the quanti- 
into the 


ties entering correction had to be esti- 
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particularly the temperature distribution 
along the tube leading out of the eryvostat. Other 
data were taken from the Mollier chart of Millar 


mated 


and Sullivan [11]. The correction ranged from 
about 0.1 mm He at 1 m Hg to about 6.5 mm He 
at the critical point exec pt near the latter point 
it Was nearly proportional to the pressure The 
correction was applied by increasing logjl’? by 
values ranging from 0.00005 to 0.00007, in the 
case of the PG He measurements 
PGD 


was only 


For the diaphragm cell apparatus the 


eorrection for slightly 
different 


modified, 


oxygen vapor 
The equation for P given above was 
however to take into account § the 
changed arrangement of fluids in the transmitting 
line, and included a term for the pressure supported 
by the diaphragm 

To reduce piston-gage readings to std mm He 
o(Hg, 0°C 


and the values of lo« al and standard gravity riven 


was taken to be 13.59504 @ em [12], 
earlier were used. The piston-gage oil had a 
density of 0.8680 ¢ em at 20° C Variations in 


the density of water and oil with temperature 


were taken into account, although they were 
nearly negligible Effect of pressure on the 
density of the oil was neglected At 50 atm, the 


density would probably be from 4 to 6 per mille 
greater than at 1 atm 133] This would cause an 
error of only 0.1 mm Hg in the PGD data, and 
would have still less effect on the PGHg measure- 
ments. The mercury column height /.-/A, was 
of course reduced to standard conditions 
Analysis of the data \ number of vapor- 
pressure equations were used at various stages of 
the work. The procedure finally adopted, how- 
evel is the only one that will be deseribed in 


detail. This procedure led to the preparation of 
table 2, which gives logyp at uniform intervals 


ot | Tor 2 ry 


in this table will be mor 


It is thought that interpolation 
rapid and convenient 
than evaluating any equation that might represent 
the data with comparable accuracy The table 
logarithms of pressures in mm Hg, in 


vives 
atmospheres, and in pounds per square inch 


absolute. Since a change in units” changes 
logarithms by a constant amount, a single column 
of differences suffices for all three columns of 


logip. Values of all negative logarithms have 
been increased by 10 to keep the mantissa posi- 
tive. The value of 7 corresponding to each value 


of 1/T is gviven in the table However, interpo- 
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lations in the table should be made in t 
argument 1/7 (or 2/7) rather than in terms 
if maximum accuracy is desired 
venience of those who prefer engineering 
argument in table 2 is given in units bas 
Rankine (Fahrenheit absolute) temp: 
well as Kelvin temperatures. 

The scattering of the experimental 
well as the accuracy with which table 2 
the data, may be seen in figure 3. H 
deviations (p observed p calculates 
Hg are plotted versus 7, the caleulat 
being found by imterpolation in table 2 
merical values of the plotted data ar 
table 1 


run have been joined by straight lines 


In figure 3, points belonging to t) 


could be done without impairing the cla 
figure 
The procedure used in preparing tabli 


follows: For each observed point, T’ lo 


computed and plotted versus 7. Ov 
ranges ~ 2O” to 30 the curves obtain 
very nearly straight lines. Accordingly fin 
equations of the form 7 log p=AT+B 
derived and the deviations of the observations 
them computed and plotted Smooth « 
drawn through the points. From thi 
were read off at 1° intervals and added to t 
responding values of the equations. The 
covered by each equation overlapped the 
the next higher equation. In the regio 
lap both equations were used, and the res 
justed if necessary to join smoothly 
middle of the range. This procedure led | 
of values of 7 log P at 1 


was smoothed with a 7-point smoothing 


intervals This 


applied by an Underwood-Sundstrand 
accounting machine. Deviations of the 
tions from the smoothed table were plot 
which the table was adjusted and rv 


Next, tal é 
computed from the table of 7 log p 


where the data required it 


check the deviations of the observat 
table 2 were computed and plotted. 1 
given in table 1 and figure 3. Table 

values of the vapor pressure at 5° te! 
intervals. It is more convenient thar 
when rough values are adequate, bu 
should be used whenever accurate values 


found by interpolat ion 


por Ff 
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j the 
of the points measured with the oil 
s 0.014 mm He 


The average deviation 


j 
results 






Where the mercury 
Wiis used alone the average deviation 
m He. Where 


r were both read, the corresponding 


mereury manometer 


22 mm He. For piston gage readings 
diaphragm cell was employed, the 
viation was 0.84 mm Hg, and where 
transmitter shown in figure 1 was 
mm Hg 
March 16 and 17, 1942 


minder rather unfavorable conditions 


ation was | 


two runs 


e the tube heater was so controlled 
be thermel indicated a temperature 
it of the calorimete: Later it was 
somewhat higher temperature was 
void all danger of a cold spot on the 
| values are probably correct, at least 
mits of their agreement with the later 

are included because of the scarcity 
the lowest pressures They contain the 
rements made on solid oxvgen As 


! 
or | 
leakage Ol 


earlier helium from the 
hermometer caused trouble atone stage 
surements. This was eliminated by 
vith a small amount of helium in the 
e the shield All data subject to erro: 
of helhum from the thermometer were 
ossible sources of error must be con- 
mpurity in the material; the pressure 

is; and the 
Kffeet of 


temperature Mmeasure- 
impurity is believed to be 


pared to other errors Jetween the 


d t and 95° K, which is about the uppel 
ligB measurements, pressures are 
This 
he smoothed values viven by table 2 


Above 


mercury manometry the uncertainty 


” accurate to 0.1 or 0.2 mm He 


© individual measurements. 


lor 2 mm Hg, and then gradually 
| more as the pressure rises. The 


near the critical point may be 10 mm 
Kach of the 


Is an average obtained 


about 1 part in 4,000 
lues in table 1 
therm data of table 5, and hence is 
nore accurate than other values in 
rhood 
sociated with temperature measure- 


more difficult to estimate The re- 


sure of Oxygen 





producibility of temperature Measurements with 
a given thermometer was easily mdeg. The 
triple-point determinations made with thermom- 
eters L3 and L14 agreed to better than 1 mdeg, 
which indicates that the accuracy of our calibra- 


2 mdeg. 


tions on the PTS is of the order of 1 or 
It is hoped that the PTS does not deviate from 
the thermody namic scale by more than 20 mdeg [1]. 
Above the oxygen boiling point the ITS was 
used. The 


on the distances te 


reproducibility of this scale depends 


the nearest calibration points, 
which in this case were 90.19° and 273.16° Kk \t 
154.78° K) the uncertainty 
This does 


not include any allowance for deviations of the 


the critical point 


in the ITS may be as large as 5 mdeg 
ITS from the thermodynamic seale, which may 
be as large as 50 mdeg. A few comparisons of 
temperature scales are made later in this papet 
(on parisol with previous work The more 
previous investigations ol the vapor 
are listed in table 4 This 


covered by each set of 


Important 
pressure of liquid QO, 
table IVES the range 
number of 


obser Vations and the expel imental 


points. A number of isolated values of the vapor 
pressure of oxvgen have been reported, most of 
them in the neighborhood of the boiling point. 
These have been omitted from table 4, as have 
some of the earlier investigations covering more 
extended ranves Stull’s 21] references vive a very 
complete coverage of both the older and the more 
pressure of OXViren, 


recent work on the vapor 


(Additional references al also riven in reference 


9» 
TABLE 4 Some previo nvestigations of the por pressure 
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FIGURE 4 Comparison of the vapor-pressure data of various observe 
For all of the data referred to in table 4, devia- from the centigrade to the Kelvin s 


tions from table 2 were computed. These are 
plotted in figure 1, with the exe eption of the three 
points in the papel of Aovama and Kanda [18] 
These had negative deviations of more than half 
a degree and so are beyond the range of the graph 
It is the writer’s belief that figure 4 is more in- 
structive as a comparison of various temperature 
scales than as a comparison of accuracy ih pressure 
measurement, and for this reason the deviations 
in Figure 4 are in terms of temperature rather 
The data 


of Aoyama and Kanda just referred to are prob- 


than in terms of pressure as in figure 3 
ably in error because of unsatisfactory pressure 
measurements, and this may be true of the data 
of Onnes, et al.; but most of the differences between 
the rest of the data and table 2 are probably 
associated with the temperature. The tempera- 


tures of Henning and Heuse [16] were converted 
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T)=273.20. 

In the range below 90° K the negat 
tions considerably outweigh the pos 
If however the older data of Siemens 
Cath 
ponderance of deviations of either sig 


[15] are excluded, there is not a 


90° K the data plotted are those of D 
including those of Dodge and D 
and those of Or 

The former show 


but fall mor 


Davis [3] 
in the same reference 
man, and Holst [4] 

ment with table 2 at 90 
below it at higher temperatures, reac! 


treme of about 0.3° at 134° K i) 
Davis calibrated their thermocouple at 
points of N., O., and CH, using for t! 
ture of the last 111.52° K. <A current 
[23] value for the boiling point of CH, is 


which is 0.15 higher Dodge and Davy 
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s above this point by extrapolating 
ition, which could easily have intro- 
remainder of the —0.3° discrepancy 

». wo lowest points of Onnes et al. agree fairly 


ible 2 


P| below it 


The higher points are nearly 
] It may be significant 
st two points were measured with a 
lumn mercury manometer and the rest 


d-end hydrogen-filled manometer. 


V. Isotherms 


surements of isotherms (p versus v) were 
to determine the critical temperature and 
nd also vapor pressures immediately be- 


{ The measurement of an 


cal point 
vas similar to a series of vapor-pressure 
ents all at the same temperature, except 
reach measurement the amount of water 
pressure-transmitting line (see fig. 1) was 
| This varied the height A, of the first 
scus and caused QO, to flow out of the cryo- 
to the 


h, made it necessary of course to rebal- 


transmitting line or vice versa 


piston gage even when the change in /, 
change the pressure in the equilibrium 
) Table 5 contains the results of the iso- 


measurements, after adjustment of each 


to a common temperature. The adjust- 
were made in log p, using values of d log 
TABLE 5 lsotherm data 
i ber wa 1 t 
i with ( il 
H 
24 
is 241 
' 
is 4 
4 x1 
R14 
; wid 
42 
10 ? 
: ¥ 818 
ss S44 
. * 
4 &. O78 
ReseO@ “por Pressure of Oxygen 


p/dT derived from table 2. The largest adjust- 
ment was less than 4 mdeg. 

Knowing h, it was possible to compute the spe- 
cific volume v of the O, remaining in the equilib- 
rium chamber. Some of the data entering into 
this calculation were not well known, and so the 
values of ¢ are not very accurate, but this has no 
effect on the observations of pressure and tem- 
perature. In figure 5, the isotherm data of table 
5 are plotted versus v. The three isotherms are 
all below the critical temperature. The highest 
(154.760° K) has a short horizontal portion 

To help in estimating the temperature of the 
critical isotherm from figure 5, the shapes of the 
isotherms in this figure were compared with the 
accurate isotherms covering the critical region of 
CO, published by Michels, Blaisse, and Michels 
[25]. From the comparison it was estimated that 
the critical temperature of O, is 154.78°+0.03° 
K. This is 0.02° above the highest isotherm in 
the critical 


figure 5. Accepting this value of 7’ 
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pressure is found from table 2 to be p,=38,109 + 50 
50.14 atm 

The method by 
h, will be briefly 


to know the mass of 0, in the equilibrium chamber 


mm He 
which was computed from 


explained. It was necessary 


and the connecting tubes extending to the valve 
V and the 


necessary to know the volumes and temperatures 


mereury surface / It was also 


of the various parts of this volume. This per- 


mitted the mass of 0, outside the equilibrium 
chamber to be computed from the known prop- 
erties of oxvgen gas The mass of 0. in the 


equilibrium chamber could then be determined 


Division of the volume of the 
That 


volume for the entire 


by differences 
equilibrium chamber by this mass gives 
is is the mean specifi 
chamber, without regard for the fact that two 
phases were sometimes present 

known mass of 


The volume V' containing the 


0. can be expressed as V=V ah where a 1s 


the known inside cross section of the pressure 
transmitter (0.96. em The volume VV was 


known approximately from the dimensions of 
the apparatus but was measured accurately as 
follows: With all parts of V near room tempera- 
ture, gas was admitted to a pressure of about 1 
atm, which pressure was measured by the height 


h,—h The filled 


water had evacuated 


with 
Next 


the space above fh was opened to the atmosphere 


space above h lates 


been pre viously 
and after time for thermal equilibrium the new 


barometer) was observed 


pressure in V ho—h 
‘Two or more pairs of values of p and /, plus the 
ideal gas law permit Vo to be determined as a 
function of h If necessary Vomay be treated 
as a sum of subvolumes each at a different temper- 
ature. Several measurements of the type just 
described gave the following equation, which was 


neces pted for "4 


84.45—0.0968 hh, (mm 
When this value was checked by computing V 
from the dimensions of the apparatus, a value 
1.15 em® smaller was found. For this reason the 
specific volumes given in table 5 and figure 5 
are rather uncertain 

Computed volumes of various parts of V were 
adjusted to give agreement with the observed 
total volume (eq | Then from the known pres- 


sure, the mass of O, at room temperature (assumed 
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to be 300 kK was computed, using com 


factors from reference [26]. The t 


change from equilibrium chamber to 
perature occurred in a vertical sectior 
Hence the mass of Oy» in this tube could 
obtained from the integral computed for 
static pressure corrections to the vap 
measurements 

The total mass of OQ, in V was ob 
noting the fall of pressure in the calibrat 
and connecting lines when the mass 
ferred to the ¢ ryvostat The temperatu 
calibrated volume and the connecting 
observed The volumes of the conne 
including the Hg-in-glass manometer \ 
by means similar to those used in detert 

From figure 5 the critical density of O, is 
12.60.38 ¢ em By making the mos 
assumptions in distributing the 1.15-em 
ancy previously referred to among tl 
parts of V, the computed critical density 
raised from 0.38 to about 0.44 ¢ em 
son of earlier values of 7., p,, and p 
given in this paper is deferred until aft 
tion of the calorimetric measurement 


critical region 


VI. Heat Capacities in the Critical Regio 


Heat-capacity measurements were 

to investigate the nature of the changes t! 
place near the critical point and also to 
whether or not calorimetric methods of 
ing the eritical constants could comy 
conventional methods. The apparat 
marily designed for vapor-pressure wot! 
several drawbacks as a calorimete! Hy 
results are only indicative of what coul 


designe a 


with a calorimeter properly | 
pressure work 

All of the heat-capa: 
urements were made in the PGD (pis 


A know! 


of OQ, was introduced into the volum: 


Veeasurements 


diaphragm cell) apparatus 
comprised the equilibrium chamber an 
extending from it to the valve 1 and 

phragm cell. The quantity of O, intro 
1° was determined from the fall in press 
calibrated volume, as in the case of th 
With the diaphragm 


Except for mot 


measurements 


for \ does not apply 
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Cpor Pr 


~ absorbed by 


"remains constant. Direct measure- 


by gas-law methods similar to those 
the section on isotherms again showed 
ve than 1 em® larger than the value 
om available dimensions 

in V, heat-capacity 
nts were made in the 
nt of FF, J, the 


were kept at the temperature of the 
at all 


own mass of O 


usual way by 
and heating time, ¢ 
The chief weakness of 
the 


for heat flow between the coppel block 


times 
tus as a calorimeter was rather 
d the shield, along the two pressure- 
¢ tubes and the larger supporting tube 
here might be expected to affect the 
tare heat 
The latter 
Owing to the small size of the sample 
1.00 eo 


about equally, 


with | 


capacities 
were measured 
the net heat capacity 
the heat 
~ 5 to 10% except near the maxima 

the heat 


1.63 to 


fraction of 


YTOSsS 


ther small 


the conditions under which 


vas measured are somewhat unusual, it 


rth while to enumerate the various pro- 


ng place in the calorimetric system as 
Niost of the 


the calorimeter (tare heat 


ents are made energy 


The rest 1s absorbed by the sample 


orimeter contains both liquid and vapor, 


energy will go to raise the temperature 


hase, and in addition some material will 


pass from one phase to the other, 
the absorption or liberation of heat of 
nn Besides the 
iture increases the vapor pressure of the 
of the 


these rise 


processes, 


This causes to flow out 
the 


capacity 


vapol 
into tube 


heat 


pressure-transmitting 
is no longer measured 
not 


irements vield a that is 


related to the familiar C,.,, C,, or C, 


quantity 


phase, although these heat capacities 
puted from the measurements if certain 
ita are known with adequate Hecuracy 
the heat capacities of the individual 

not in general been computed from 
measurements, the significance of the 
erhaps most easily grasped by giving 
between them and the heat capacities 
idual phases. The quantity reported 
r simply related to the slopes of certain 


entropy-temperature diagram. In a 


ssure of Oxygen 


yrevious publication the author [27] derived rela- 
| 


tions between the heat capacity, ¢,, of saturated 
condensed phase and that of a two-phase system 
consisting of saturated condensed phase and vapor 
in equilibrium. Although these were developed 
primarily to permit correcting for the presence of 
vapor, they can easily be modified for use in the 
case under discussion. The present experiments 


were of type 4 according to the classification of 
the paper referred to (gross charge, ./; tare charge, 
O; filling tube, ves For this type of experiment 
the net observed heat capacity (gross minus tare 


of the two phases in the calorimeter is 


dM 
dT 


yp dS’ 
Me qT 7 


where .V/, is the mass of material in the tube (out- 
the the 
entropy” of the material in the calorimeter proper, 


rr 
| he 


Is the eXCess above the entropy 


side calorimeter proper), S’ ts “excess 
and / is the heat of vaporization per gram 
“excess entropy ‘ 
of the same mass of saturated condensed phase 
and may be computed either from latent heat or 
vapor-pressure data when these and certain othe 
auxiliary data are known. The term / (d\/,/dT 
the heat the 


of that which is 


is the contribution to 
heat of 
forced out of the calorimeter by the rising pressure 


the mass M, 
the 


capacity of 
vaporization material 
In analyzing the present results, 
the 
section on isotherms, using the same values as were 
The 


sub 


was computed by methods outlined in 
used there for the various subvolumes of | 


l(idM,/d7 


tracted from ¢ for 


term was then computed and 
all points where two phases 
were actually present in the calorimeter. Division 
by 1/—.\7/,, the mass of 


calorimeter, and multiplication by 
heat 


material present in the 


W, the 


capacity 


molee- 


ular weight, gave the mola under 


the conditions of the experiment, which is 


dS’ 


dT 


wr 
CY mole + M—M 


This quantity has been plotted in figure 6. Ex- 
cept in one isolated case mentioned later, the two 
terms on the right were not separately evaluated 
Kach of the six curves in the figure was taken with 
the 
so that data would be obtained at volumes both 
the critical All the 


curve have pronounced MmaNXiMa corresponding to 


a different mass of material in calorimeter 


above and below but top 
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i) 
Q 
o 


SEE 


8 


Cy, | mole deg- 


a much more rapid absor ption of heat as the critical 
temperature Is approached The quantity plotted 


is a property of the material, but as the figure 


shows, it also depends on volume. Owing to the 


gradual increase in ./,, the curve obtained with 
any one filling does not correspond to a constant 
volume line, although it approximates rather closely 
tosuch a line at temperatures well below the critical 
The mass of material in the calorimeter 


falls by 


the over-all specifi volume ol the material being 


present 
10 or 20 percent as the pressure rises, so 


measured increases by this amount. The molar 
volumes given in figure 6 for each curve were com- 
puted for the temperatures at which the respective 
maxima occurred 

On the entropy-temperature diagram the paths 
followed 
volume lines in the two-phase region, but as 
the 


direction of highe 


constant- 
the 


are at first approximately 


temperature rises paths deviate more 


more in the volumes. Figure 


7 is an S-7 diagram, drawn somewhat = sche- 


matically Along any path in such a diagram, 
Crem = T(dS/dT) pan; 


rr 
relation dS=6()/T 


because of the fundamental 
Hence the slope of a constant- 


volume line is 7/C,, and the slope of any path is 


338 


T ( ‘ nih: 


The maxima in the heat-capacity 


of figure 6 correspond therefore to the port 


the paths having the least slopes 
are drawn 
S-7 


volume lines (solid curves 


about as they usually appear mn 


These lines have a slowly decreasing sloj 


region, with an abrupt 


son 
rhis 


slowly increasing heat capacity while ¢ 


two-phase 
slope at the boundary 
are present, with an abrupt drop to a 
capacity on crossing the boundary of 
vapor dome 

The two lowest heat-capacity eurve 
6 (2 1.78 vy and r=1.26 show tha 
abrupt drop does occur at the dom 
volume is considerabiy vreate 


At the 


volumes, however, the drop Is gradual I 


when the 


critical volume critical and 
abrupt, but there is a region of high he: 
several degrees wide before the dome by 
The paths followed on the S 
like the 


than like the solid curves. It 


crossed, 


therefore look more two dot 


would 
the differences in the two sets of curves 
entirely accounted [ 


too large to be 
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ase in molar volume of the material 
case, the constant-volume lines in 
vram should be drawn with short 
gh curvature at the dome boundary 
harp breaks, at least for less than 7 
alorimetric data would permit the 
of an S-7 diagram, and _ those 


most difficult to determine from 


would be most easily found by 


rhe present data were not con- 
rate enough to warrant the con- 
such a diagram but thev indicate 
cht be done with a calorimeter containing 
$ mple, with better thermal isolation, and 
ibly without the complication of a filling 
manently in communication with the 
im chamber.® 
rves of figure 6 show that the heat 
ol a sample always drops when the 
is entirely filled with one phase, 
ss of whether this phase is liquid or vapor 
vest filling (v1.78 both liquid and 
present up to about 151° K, at which 
all the 


chest filling (7=0.66 


evaporated. 
the liquid ex- 


liquid had 





private communicatior tates that the Van Der 
| shortly publish me reme! of the heat capacity 
aa h 


gh the critical reg ve promise of furni 


lemonstration of the ilue of high-pressure calorimetry 


por Pressure of Oxygen 


panded until at about 148° K it entirelv filled the 
calorimeter. 

A few somewhat puzzling facts regarding figure 
6 should be pointed out. At temperatures above 
their respective maxima all the curves drop to 
values lying between 60 and 70 j mole! deg 
Only one phase is present in the calorimeter and 
at least for the three lower curves) material is 
not being forced out of the calorimeter as rapidly 
as it was at the maxima Hence the heat capac- 
ity, which must lie somewhere between C, and C,, 
should in fact be rather close to C For molec- 
ular oxygen in this temperature range the heat 
capacities in the ideal gas state are (¢ 29.12 
and ( : deg : [28] The observed 


values are therefore about 65—25—40 j mole! 


20.81 j mole 


deg! or about 5R higher than the ideal gas value 
This seems rather high in comparison with similar 
data for other substances. For example, Benne- 
for CO, 


through the critical region, at one volume slightly 


witz and Splittgerber [29] measured C 
below and another slightly above the critical 
The two values of C, that they obtained 
differ bv less 


volume 
at 40° C 
than 2 percent, the average being 56.0 j mole 


(about 9 deg above 7 


deg~'. This value is in fairly good agreement 
with the results of Michels and de Groot [30], 
T data 


and approximately the critical volume, 


who computed heat capacities from P-V 
At 40° C 

the latter give C,=53.7 
ier © 
25.7 } mole deg, or 3.1 R. 

ethvlene Pall, 

for ethylene at a volume 
At 22° CU 
they found 47.5 J mole deg 


The ideal gas value at 


29.3 [31], C,—C?, = 55—29.3 


Data are also 


is about 
available for Broughton, and 
\Maass 
slightly less than the critical 


[32] measured C 
about 
12.5 deg above T 
whereas the ideal gas value [33] is about 34.9 
Hence C,—C 12.6,0r1.5R 

The excess of the heat capacity of a fluid above 
the value in the ideal gas state may be computed 
from an equation of state. Unfortunately, there 
does not appear to be any such equation that 
represents the behavior of oxygen in the critical 
region. Using the Beattie-Bridgeman equation, 
with constants that fit the ?-\—T7 data for oxygen 
at somewhat lower densities, a calculated value of 
C'.—C,=1.2 FR is obtained at the critical density 
and slightly above the critical temperature. A 
similar calculation for CO, gave C,—C,=1.8 R. 
W.S. Benedict made calculations using the Kellogg 


equation in a reduced form that gives a very good 
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representation of the behavior of hydrocarbons, 
and also using Su and Chang’s reduced form of 


the Beattie-Bridgeman equation. At the critical 


density and temperature the result with the hel- 


logg equation was (,—¢ 1.3 PR, and with the 
reduced Beattie-Bridgeman, C,—C 1.5 R. So 
far as experimental data are available for checking, 
values of ¢ (’, ealeulated from these equations 
of state appear to be too low, and we may expect 
that when better equations of state are found 
they will lead to higher values 

The value of (,—(¢ 
figure 6 is 5 R, as compared with experimental 
values of 3.1 R for CO. and 1.5 FR for ethylene 
Although the value of 5 FR is not so far out of line 


found for oxygen from 


as to be impossible, it is considerably larger than 


might be expected. The heat capacities well 
below the maxima in the curves are also rather 
higher than was expected, as is discussed in the 
following paragraph. Such results could be ex- 
plained by assuming that the tare heat capacity 
was incorrectly determined, or that the heat leak 
changed between the ross and the tare measure- 
ments However, the erro! required Is larger 
than would be anticipated 

As previously pointed out, the heat capacities 
plotted in figure 6 are given by eq 3. By evaluat- 
ing and subtracting the last term in this equation, 
the molar heat capacity ¢ of saturated liquid can 
be obtained. This was done for each of the curves 
at 150 


sion S’ 


K, using for the excess entropy the expres- 
dP/dT)[V Vw—M 
27 Molar volumes of saturated liquid were 


taken from reference [11], and values of dP/dT 


were calculated from table 2. The values of ¢ 


from reference 


read from the six curves of figure 6 at 130° K are 
172, 130, 126, 123, 115, 100 


from bottom to top 
J mole deg The corresponding values of ¢ 
found from eq 3 are in the same order 135, 108, 
.ae,- Bea 


of error all these values should agree 


107, 96 } mole™! deg In the absence 
Giving 
most weight to the values for which the correction 
was small, the data give a value of at least 100 
| mole deg for saturated liquid at 150 IK 
There are no other measurements at this tempera- 
ture, but Giauque and Johnston [10] have reported 
90.19° K 


Is about 54 ] mole deg 


heat capacities up to the boiling point 
At this temperature ¢ 
is gradually Compared 


and the curve rising 


with this, a value of 100 at 130° K seems rather 


high One could of course postulate some cause 
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of high heat capacity throughout 
critical region, such as the existenc 
proportion of 0, molecules. Rather tha 
such conclusion, it seems wiser simply 
the data as a qualitative picture of the « 
of heat capacity on volume in the crit 
It is planned, when time permits, 

similar experiments in an apparatus 


The los 


from the resistance thermometer, whi 


normal calorimetric accuracy 


necessary to operate the apparatus wit! 
inside the shields filled with helium, als 
seem unwise to repeat any of the e 
measurements with the present apparat 
As a method of determining the ¢ 
perature and volume, the calorimet: 
appears to be comparable in ease of 
with the isotherm method. It may 
inferior in accuracy with equal exper 
effort Before it can be 


better knowledge of the relation betw 


practi ally 


eurves and isotherms ms nee 


the erit 


eapacity 
present the exact point) on 
capacity curve to associate with the point 
critical isotherm having a_ horizontal 


From figure 6 one would s 


not known 
at the critical temperature C, has fallet 
more than half way from its maxim 


limiting value 


VII. The Critical Constants 


The critical constants derived from th 
data (fig. 5) are J.=—154.78°+0.038 
50.14 


Tr and Pe are 


+ 0.07 atm, and p.—0.38 ¢ cm 
probably better values 
previously available. The value of 
less accurate There do not appeal 

reported measurements of the critical 
of 0. since the survey of Pickering 


which summarized the results of 

investigations in which one or more of 
constants was determined Pickering 
best values: ¢ 138.3" <. } $9.7 
o.—0.430 ¢ em 


contributed by 


These are also 
Germann and Picket 
Critical Tables [24] 
essentially the values of Onnes, Dor 
Holst t| for 7 
and Onnes [35] for p In the orig 

Holst rive ] 


units 11s 


International 


and Pes and the value 


Onnes, Dorsman,. and 
centigrade and Kelvin 
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They determined the critical tem- 


observing the formation of a meniscus 
mple was suddenly expanded by a 
nt. If the meniscus remained perma- 
temperature was considered to be 
At the aces pted value of 7 the 
ppeared in the middle of the tube: 
disappeared at the same level The 
Mathias and Onnes 


tv was found by 


tion of the rectilinear diameter of 


parabola 
now being reported 
Onnes et 


temperature Is 0.5] 


al pressure 


higher than the value of 
n The 
( Yrve 


of using different methods of identifying 


critical 


} 


may ask whether this is simply 


as it is common experience that 
somewhat the 
Op/dw 0. If 

K and 49.713 
simply a slightly 


pot 


is disappears below 


mperature for which 


e case the values 154.27 


satisfy table 2, being 


on the Vapol pressure curve than the 


point now being reported Figure 4 


less than half the discrepancy can be 
n this way. The highest plotted point 
tis the critical point of Onnes, Dorsman 
than the 


It is about 0.29 deg lower 


s discrepancy must be due either to 


ferences in pressure 


temperature or 
ents or to the purity of the sample 

ie of deduced from 
erm measurements (0.458 ¢ em is 


value of Mathias 


the eritical density 


than the 


ess accurate 


s (0.4299 


The Two Solid-Solid Transitions 


capacity run extending from 20.4 KK 
1942 


mall conventional adiabatic calorimeter 


the triple point of 0. was made in 


in was made, and the mass of OU.» Was 


Ximately known, so no specific heats o 
The shape of the 


ansition are report a 


tv curve at the iower transition is 


gure 8. The upper curve was obtained 
ding from lower to higher temperatures 
Then the apparatus 


d by the arrows 


about an hour. with the shields cold 


icpor F 


ssure of Oxygen 


so that the 0, cooled partially through the transi- 


jion again Qn resuming measurements trom 


much lower heat capacity curve 
the This is 


due to hysteresis in the transition 


this condition a 


was obtained in transition region 
presumably 
have been observed if the second 
cooling had proceeded to 20.4 KX the first 


The maximum in the first heat-capacity curve ts 


and would not 
like 


at 23.886° +0.005° K 


-~*) 
Table 6 contains the previously reported values 
for the temperature of this transition and also for 
at 43.8 Ix 


the the transition 


The table also contains the more recent reported 


temperature ol 


PEAK |S 
ABOVE 300 














Heat capa 


Figure 8 





d values of the transition lags that made it difficult to measure 


f erature ind reassure ‘ »—) 
—= — e , transition accurately Clusius [37 


—_— transition Is sharp, but Giauque and Johns 
found temperature variations of 0.1 des 
transition varied from 15 to 65 percent 
In the present experiments the trai 
found to be rather broad, but no very 
tendency for the temperature to drift aft 
periods was observed. This was in ¢ 
the behavior at the 43.8° K transition 
tendency to drift was extreme 

The transition at 43.8° K is more sa 
represented by a temperature versus en 
than by a heat-capacity curve. Figui 
the gradual rise in temperature as succ 
tions of the sample were transformed 
addition of energy the temperature drift 
rapidly at first and then more and mo 
The temperature was plotted versus timy 
drifts, to see whether the limiting value 
pendent of the amount of material 
This was quite definitely not the case 
ing periods were not all the same length 
pomts in figure 9 correspond to shor 
periods and the low points Lo long Waiting 
The line drawn through the points co 
roughly to an average drift period of 10 n 
waiting longer the whole curve would | 
lowered and might have lost some of its 
slope, but could certainly not have been m: 
Figure 9 gives 43.81,)° K as the tempera 
the transition is half completed. W 
longer drift periods this value might | 
lowered to about 43.80,° KK. The latt: 


included in table 6 as the best value of t! 





I 
- eT 


values of the triple point temperature and pres 


sure and the boiling point Nlost of the references 
in table 6 are from a previous survey made by the 


author [22], which also contains some additional ' 
f : : Fiaure 0 Tem pe 
references published prior to 1915. Eucken [36] RR oe tet 


states that the 23.9 K transition showed time covers a ltemperatu 
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ature derivable from the present work 
nterest that the heat of transition at 
urger than the heat of fusion (at 54.363 
atio of 5 to 3. ‘This transition is gen- 
med to be due to a change in crystal 
The heat of the transition at 23.9° K 
-fifth of the heat of fusion 


hat this transition is of magnetic origin 


It has been 


in tigure S bears some resemblance to 
are commonly attributed to the onset 
of the molecules of a crystal lattice, 
what more symmetrical than the typ- 
of this type. Perrier and Onnes [49] 
on cooling from 33° to 20° K, the mag- 
ptibility of O, suddently drops to about 
Although they 


K it is more likely 


cinal value thought 
occurred near 33 


took place at the 23.9° K transition 


The Triple Point and the Boiling Point 


ting of melting-point data versus the 
of F, the fraction of the sample melted, 
issed in the section on preparation and 
the samples The ttercept of the 

e drawn gives the triple point of pure 
Measurements on the first sample, 
th platinum resistance thermometer L3, 
iple point temperature of 54.363° Kk 

asurements on the third sample, made 

mometer L14 gave a value less than 1 
Such close agreement ts fortuitous, 

vas calibrated by comparison with some 
up of standard thermometers of which 
member, and the comparison could be 
» introduce uncertainties of 2 or 3 mdeg 
bservations of the triple-point pressure 
n table | The last of these is the 
Earlier points may possibly be in 

ise of condensation in the tube lead 
manometer. For previously reported 
triple-point temperatures and pressure, 


ould be 


perature of the 


consulted 

normal boiling point of 
en to be 90.19° K This is the value 
value on the ITS 


Kely inh scale 


vhen the accepted 
Is converted to the 
16 K The 


hermometers was based on this value 


calibration of the 


the present data yield no information 


ectness This value has been used in 


or Pressure of Oxygen 


all our work since and including the establish- 
ment of the NBS provisional temperature scale 


below 90° K. Some of the more recent reported 


values of the boiling point are given in table 6. 


X. Remarks on Temperature Scales 


No correlation of data with 


latent heat data is presented at this time. It is 


vapor-pressure 
known that the ITS and the provisional scale 
below 90.19 


reported (PTS) are not in exact agreement with 


K on which these measurements are 


the thermodynamic scale 
true near the point where the PTS and the ITS 


This is particularly 


join. The quantity d(logp)/d(1/7) was computed 


; 


PaBLe 7 I m peratures 


; 


ed-point 


table 2 by numerical differentiation It 


exhibited 


from 
noticeable irregularities that are un- 
doubtedly due to irregularities in the temperature 
scale. Our temperature scale could undoubtedly 
be improved simply by smoothing the curve of 


d logiop) d/T 


changes in temperatures, but it seems best not to 


and computing the corresponding 


include such an investigation in the present 


paper. By use of Clapeyron’s equation it is 
easily shown that 

d logiop L 

d(i/T 2.303R(Z,—Z, 
where LZ is the heat of vaporization, and the Z's 
factors (Z=PV/RT) for the 


gas and the liquid phases, respectively. Experi- 


are compressibility 


mental determination of L on the same temperature 
scale as the vapor pressure measurements would 
more significant correlation of 


permit a much 


vapor pressures and latent heats than is now 
possible, and would permit our temperature scale 
to be more accurately smoothed. It is planned to 
undertake measurements of the heat of vaporiza- 


tion as soon as time permits 
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Certain laboratories, such as the Leiden Lab- 
oratory the Phvysikalis hy Te hnische Reichsan 
stalt (PTR thi eryogent laboratory of Professor 
Giauque at the University of California, and the 
National Bureau of Standards, have maintained 
and used more or less well defined temperature 
scales over periods of years. As the temperatures 
of various fixed points on these seales are pub- 
lished it becomes possible to compare them 
Table 7 contains a few data of this sort from thre« 
Differences in the 


reported values for each fixed point are plotted in 


of the laboratories mentioned 


figure 10, using the California scale as a base lin 
because it contains all of the fixed points im luded 
The figure shows that the PTR and NBS values 
are in somewhat better agreement with each other 
than with the California data. The comparison 
of vapor-pressure data given in figure 4 Is, as pre 
viously pointed out, essentially a comparison of 
temperature seales. Judging from this figure 
temperatures between 60° and 90° K are un 
certain by at least 30 mdeg: and slopes, which 
determine the accuracy of heat capacity measure 


ments, may be uncertain by a part in 300 


Russell B. Scott collaborated in all the measur 
ments made in 1942. Thanks are due also to a 
number of persons who have assisted in the sub 
sequent work, particularly Ruth (Cheney) Suits 
Robert E. MeCoskey, and Martin T. Wechsle: 
The drawings and graphs were prepared by W Li 


(‘ross ar 
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